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Abstract

Friction between nanoscale objects has been a subject of great interest and intense research
effort for the last two decades. However, the vast majority of the work done in this area has
focused upon the sliding friction between two rigid, atomically smooth surfaces. Thus the
parameter most explored has been the corrugation in the atomic potentials and how this affects the
force required to slide one object across another. In truth, many nanoscale objects whose
translation force is of practical interest are more spherical in nature. We hypothesize that the
factors that determine the translation force will be related, not only to the interfacial adhesion, but
also to the mechanical properties of the translating object and its underlying surface. The
dependence on these quantities of the friction is not known. In this dissertation we have utilized
Atomic Force Microscopy and Force Spectroscopy to study the tribological properties of
submicron scale polymeric particles to explore how the friction between these submicron spherical
objects translating over planar substrates is related to interfacial energy and the mechanical
properties for these particles. A technique for modifying the mechanical properties was developed
and used to provide a set of samples over which we had control of the elastic modulus without
corresponding changes in the chemical bonds. The modified mechanical properties were tested
against the Flory-Rehner theory. Lateral force microscopy was used to measure the force required
to translate asymmetric, nanoscale particles of controlled size, surface chemistry and moduli.
Silicon wafers were used as the substrate. The effects of work of adhesion, elastic modulus of
polystyrene microspheres, and contact radius between particle and substrate have been studied for
the different modes of particle translation under an external force.
vii

1.0 Introduction
1.1 Motivation
The understanding of physical motions such as rolling, sliding, stick-slip, and spinning is
of great importance, since the energy loss and wear between the contacting surfaces is determined
by the mode of motion of these particles [1]. When a lateral force is applied onto a submicron size
particle lying on a surface, what happens to its translational motion? Does it roll, does it slide, or
both? How can the force required be predicted from the particle’s properties? These questions
have relevance in technological applications where submicron size particles are used as lubricants
or as components in lubricating mixtures and in nano-electromechanical devices where they are
used as building blocks [2]. Using Lateral Force Microscopy to provide the forces required to
produce translational motion of micro/nano-sized particles across a planar substrate will help
understand the tribological properties that inform their use in such applications (adhesion, friction,
lubrication, and wear). Such knowledge will help, for example, in designing new lubricants, hard
disk storage technology, new materials for post chemical mechanical polishing (CMP), and
generally in the reliable, repeatable and controllable manipulation of micro/nano-size particles on
substrates [3, 4].
In the transition from the macro to the nano world, novel phenomena result from the
decreased dimensions of the object. The scaling leads to changes in geometrical and physical
properties of the small object [5]. Friction and adhesion forces become of increased importance
when small particles are considered for a variety of important phenomena. For example,
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aggregation and dispersal of powders, colloidal dispersions, and the flow properties of granular
materials [6]. Friction has been one of the fundamental research areas for centuries; however, the
vast majority of the studies only have been done at the macroscopic scale. Research at the microscale has been more limited [7]. From the work that has been done, it is clear that friction at
nanoscale differs markedly from the macro scale. Objects at the nanoscale are totally wear-less
and adhesion (the force that holds two bodies in contact) dominates at lower loads while friction
becomes an intrinsic property of the particle interface [3, 4]. The primary goal of this research is
to develop a deep understanding of how the physical properties of a nanoscale spherical object
affect the translational properties when a lateral force is applied to it. Using an Atomic Force
Microscope (AFM), the adhesion and mechanical properties of different sized polystyrene
microspheres will be measured. Again using AFM, the lateral force required for translation across
rigid, flat substrates (polished silicon wafer) can then be characterized. Relationships between the
properties of the microspheres and the lateral force will be tested. A few models exist in the
literature, and their validity will be tested against our data.
1.2 Previous work
1.2.1 Macroscopic rolling and sliding friction
When an object is moving along a surface, or through a viscous liquid or gas, it experiences
resisting forces known as friction. The mode of translation governs the energy loss, and wear
impacting the interacting surfaces. The modern study of friction dates back to nearly 500 years
ago when Leonardo da Vinci recorded the relative motion of a rectangular object sliding over a
planar surface [8]. Unfortunately his work never was published. In the year 1699, French physicist
Guillaume Amontons is credited for publishing the first account of friction laws for solid surfaces
2

in sliding contact. Amontons reported that friction forces are independent of area of contact. He
concluded that a small block experiences same magnitude of friction as does a large block as long
as their weights are same. However, Amonton’s laws failed a variety of attempts to explain the
fundamental, underlying basis of friction [9]. Among the most significant tribological studies can
be attributed those of Heinrich Hertz almost 150 years ago. He studied two elastic bodies in contact
under an external load; unfortunately, he ignored the attractive inter-particle forces [10]. When
particles are in contact, they are inevitably deformed because of their finite elasticity. Johnson,
Kendall, and Roberts (popularly known as the JKR model) explained the contact between two
solid spheres [11]. A couple of years later, in 1975, Derjaguin, Muller, and Toporov (the wellknown DMT model) published an alternative theory that also accounted for the non-contact forces
in the vicinity of the contact area. After further studies, it was found that the JKR model is more
appropriate for large, soft bodies with high surface energies, whereas the DMT model applies well
to small, hard solid particles with low surface energy [12, 13]. Though largely successful, it has
been shown that both models have limitations [14].
1.2.2 Nano-scale rolling and sliding friction
With the advent of the Atomic Force Microscope in 1980 by Binning, Quate, and Rohrer
[15], the versatility and capability of imaging and manipulating all types of nanomaterials under
different conditions, researchers began using AFM for tribological studies at the microscopic scale.
Mate et al. in 1987 reported how the atomic structure of a graphite surface influences the frictional
dynamics of an AFM tip sliding on its surface. They also reported the first ever stick-slip
observation at the atomic scale on mica surfaces [16]. Presenting joint results from theoretical and
experimental studies using an AFM, Landman et al. showed that contact formation between a hard
tip (nickel) approaching a soft metallic substrate (gold) is associated with an instability which
3

involves an inelastic response of the atoms in the interfacial region of the gold substrate [17]. Heim
et al. measured rolling friction forces for the first time at the micro-scale by combining atomic
force microscopy and optical microscopy. They used silica microspheres of different sizes ranging
between 0.5 to 2.5 μm. The measured rolling friction forces, analyzed using the DMT model, were
100 times smaller than the corresponding adhesion forces [6]. Comparing macro-tribology to
micro/nano-tribology, Achanta et al. showed how capillary forces, surface topography, and phase
composition of interacting materials becomes evident while dealing in micro/nano-tribology [18].
With the introduction of lateral force microscopy (LFM), it was now possible to study sensitive
surface interactions at the micro/nano-scale under ultra-low force and small length scale. The
tribological properties of islands of C60 deposited on NaCl (001) at the mesoscopic scale were
studied by Luthi et al. An extremely small dissipation energy of 0.25 meV per molecule and
cohesive energy of 1.5 eV were observed. A low shear strength ranging 0.05 to 0.1 MPa was found
[19]. Falvo et al. reported controlled rolling of carbon nanotubes (CNTs) on a graphite surface
using lateral force microscopy. They observed changes in nanotube topography directly related to
stick slip behavior and in-plane rotation of these tubes while lateral force was applied. When the
CNT was pushed on edge, sliding behavior was observed with a relatively smooth lateral force
data. When they compared the stick peaks in the rolling data to the lateral force data while sliding,
they found a higher force needed to sustain sliding. This result implies that the energy cost for
rolling is higher than that needed for sliding, however, this result was dependent upon the
intermeshing of the carbon lattice in the two surfaces(see their later study cited below) [20].
Buldum et al. modelled different types of motions of carbon nanotubes on a graphite substrate.
They found unique energy minimized orientations for the CNTs depending on their surface
structure. A combination of atomic scale spinning and sliding motions were observed. The
4

potential energy barrier for rolling nanotubes was much smaller than for sliding [7]. In another
study by Falvo et al., it was found that the evidence of rolling motion of CNT was dependent upon
commensurate contact on the hexagonal surface of the HOPG substrate. The transition from the
incommensurate to commensurate state was accompanied by a corresponding transition from
sliding motion to gear like rolling motion [21]. Tivet et al. reported the rolling, sliding and
exfoliation behavior of fullerene like nanoparticles of WS2 (and MoS2). They found rolling
behavior required the nanoparticles to be spherically shaped and mechanically stable, whereas
sliding required particles at low friction, mechanically stable, low adhesion and chemical affinity
to the underlying surfaces. Rolling was dominant under low shear rates and normal stress of
0.96±0.38 GPa, and sliding occurred around normal stress of 1.34 GPa [22]. Korayem et al.
investigated the sensitivity of the critical parameters in AFM based nano-manipulation. Their
model included adhesion and normal friction forces. They defined the critical force (the required
pushing force for the particle on the substrate to overcome the sticking state to slide or roll) and
the critical time (the moment when particle start sliding or rolling) and diagramed them against all
spatial parameters possible (listed below) in the nano-manipulation process. They concluded that
all of these parameters can affect the nano-manipulation process. Parameters increasing the critical
force and time included particle radius, initial deformation of the cantilever, surface energy, sliding
friction coefficients, and surface adhesion (while sliding). Cantilever length, and reduced modulus
decreased the critical force and critical time. They found no effect from tip radius, probe/particle
contact angle, rolling friction coefficients, and surface adhesion (while rolling). Simulation results
indicated sliding occurs first and was more likely for small particles rather than rolling. Increasing
the particle size it changed to rolling. Simultaneous sliding/rolling occurred if the applied force
was higher than the critical force for sliding and rolling [5]. Using a ball-on-flat tribometer, Vilt et
5

al. presented the frictional performance of silica microspheres on a silicon substrate. This kind of
tribometer is normally used for macro scale tribological studies, but they optimized a nanotribometer for the nanotribological characterization purpose. The rolling behavior was highly
dependent on the load and the sphere diameter. The surface energy of the lubrication scheme was
altered by means of coating. The spheres used were 4, 2, and 0.5 μm in size. The lubrication scheme
could not confirm the rolling behavior, but the coefficients of friction were measured for 4 and 2
μm size particles, which were found to be slightly higher for the 4 μm spheres. The 0.5 μm size
spheres failed to record any data. These experiments demonstrated the size dependence of the
coefficients of friction for these spheres [23]. ZnO nanowire were subjected to rolling and sliding
behavior by Kim et al. They measured the friction forces during the manipulation of a single ZnO
nanowire of mass 18.7 ng on a Si wafer using LFM. They found simultaneous occurrence of rolling
and sliding, followed by sliding, which were attributed to the state of contact, hence the frictional
force between the nanowire and the substrate. The average dynamic frictional force measured
during rolling/sliding was 33.7 nN, while the average dynamic frictional force measured during
sliding was 36.9 nN [24].
Both rolling and sliding have been observed at the micro/nano-scale. A number of
impacting factors, such as lateral force, contact area, shape of the translating material, particle
radius, cantilever length, and the applied load to name a few, were attributed to the translational
motions. In this work, we consider friction, adhesion, particle size, and elastic modulus of the
translating particle to predict the physical motion (rolling or sliding) of a translating particle under
the lateral force. We also investigate the transition from rolling to sliding and the underlying factors
responsible for this transition.
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1.2.3 Nano-scale rolling and sliding models by Sitti et al. and Krijt et al.
Sitti et al. predicted the translation motion of a submicron sized latex particle on a silicon
substrate under a lateral force based on their experimental lateral force versus position data. They
predicted a short noisy peak to represent sliding, a peak of almost double the height of the sliding
peaks characterized by a periodic feature for rolling, and a wide peak that is almost 10 times larger,
as indicating rotational (spinning) motion [25]. In an another study Metin Sitti predicted the
nanoscale translational motion of particles by conducting lateral force microscopy on a 500 nm
gold coated latex particle deposited on a SiO2 substrate. The cantilever deflection versus particle
position data were recorded. The particle first showed rolling behavior, then started sliding. If a
significant offset from the center of the sphere occurs it starts rotating. The cantilever deflection
observed was much higher in the case of sliding than rolling. There was minimal difference in the
cantilever deflection from rolling to rotating [26]. Basing their calculations on lateral force
microscopy based pushing of micro/nano-size particles, Sumer et al. simulated a rolling resistance
model. Using this friction model they studied the effect of work of adhesion, effect of Young’s
modulus, and contact radius (particle size) on the translational motions such as sliding, rolling and
spinning. They modeled the sliding friction motion as single asperity contact which changes with
the change in the real contact area such as,
𝐹𝑠𝑙𝑖𝑑𝑒 = 𝜏 𝐴

(1.1)

where τ is the interfacial shear strength and
A = π a2

(1.2)

In equation 1.2, ‘a’ is the real contact radius. Results from surface force apparatus (SFA)
experiments showed that shear strength is scale dependent. At some point τ must decrease as the
7

contact size increases from the nano to micro scale. This establishes the frictional stress as a
function of contact area though there is no experimental evidence till date [27]. They proposed a
model for a wide range of particle radii. From the results, they defined τ, which is a function of a,
as,
𝐺/43,
𝑎 < 20 𝑛𝑚
𝑁
𝑀
𝜏 (𝑎) = {𝐺 10 (𝑎/𝑏) , 20 𝑛𝑚 < 𝑎 < 40 𝜇𝑚}
𝐺/1290,
𝑎 > 40 𝜇𝑚

(1.3)

In equation 1.3, N is 28b and b = 0.5 nm, and M = tan-1[(G/43 – G/1290) / (8*104b – 28b)]. Where
G = 2G1G2 / (G1+G2) is the effective shear modulus given in terms of shear moduli (G1, G2). For
a particle and a substrate G is defined as Gi = Ei / [2(1 + νi)], in which E is the Young’s modulus
and ν is the Poisson ratio. This sliding friction model clearly predicted the dependence of the
translation force on the particle size of the microspheres.
They compared their friction model’s findings with their experimental data. Polystyrene
micro/nano-spheres of 0.05, 0.5, 5 and, 15 μm size were deposited on a glass substrate. The
simulation data showed micron sized particles in most cases first started to roll, then slide at higher
lateral forces. However, nanoparticles first started to slide and then start rolling. If the particles
were pushed with an offset, they spin. Combining the simulation data with the experiment, the
critical rolling distance found was directly proportional to the particle radius. The rolling friction
force also was in direct relationship with the size of the particles. This differs from the shear
strength, which also contributes to the sliding force and had an inverse relationship with the particle
size [1].
In a most recent study published last year in April 2014, Krijt, Dominik and, Tielens
derived an analytical theory for the rolling friction based upon the difference in surface energies
8

for the opening and closing of cracks. They considered an asymmetric contact in rolling with one
side featuring an opening crack and other a closing crack. The contact radii will vary for these
different parts of the contact region, and it no longer remains circular. Including this asymmetry,
the total elastic force they predicted was,
𝐹𝐸 =

2𝐸 ∗ 𝑎
3𝑅

(3𝛿𝑅 − 𝑎2 − 3𝜉 2 )

(1.4)

where E* is the combined elastic modulus, and ‘a’ is the average contact radius, R is radius of the
sphere, δ is the distance of mutual approach, and ξ is the rolling displacement. The total torque
was,
𝑀 = 𝜉 [−𝐹𝐸 +

4𝐸 ∗ 𝑎3
3𝑅

]

(1.5)

And in the case of zero load (FE = 0),
𝑀 = 6𝜋𝛾𝑅𝜉

(1.6)

where γ is the combined surface energy. They compared their theory with the experimental results,
which were in good agreement. They revealed that their new model is capable of explaining two
important results, one was the variation of the rolling force with particle radius and the other was
the finding that rolling displacement can be much larger than the interatomic distance as thought
previously. From the equations it can be explained that elastic modulus and surface energy both
significantly contribute to the rolling friction [28].
The parameters predicted to affect nanoscale friction in these two models [1] and [28] are
particle size, elastic modulus, and interfacial surface energy. We will measure all of the affecting
parameters and use these two models to predict the translational behaviors of our nano-scale
spheres. The models will be tested against the experimental data. Our results also will help
9

establish the experimental evidence of the dependence of these parameters on the different modes
of translation at the micro/nano-scale.
1.2.4 Nano-scale adhesion
Atomic force microscope has been widely used in various studies to predict the nature and
magnitude of surface forces between two micro/nano-size asperities. In 1990, Burnham et al.
studied the attractive and adhesion forces between an AFM tip and sample surfaces as function of
sample surface energy. They found both forces are heavily dependent on sample surface energy,
and adhesion is always greater [29]. Blackman et al. used AFM to study boundary lubrication.
They studied Langmuir-Blodgett films of cadmium arachidate deposited on a silicon wafers. They
found that upper layers were easily worn away with the AFM tip whereas the bottom layers close
to the substrate were not easy to remove [30]. Surface force interaction was investigated by
Schaefer et al. for polystyrene spheres on a p-type silicon substrate. The force to remove a particle
and the degree of freedom were measured as a function of loading force. They also studied the
effect of surface contamination and concluded that contamination on the surface of the substrate
affects the adhesion force [31]. This study highlighted the importance over the control of the
surface chemistry when performing such studies. Using an oscillating cantilever technique, Gady
et al. analyzed the interaction force gradient between a micron-size polystyrene sphere and an
atomically flat, highly oriented pyrolytic graphite (HOPG) substrate as a function of surface to
surface separation distance z. They found for z ≥ 30 nm, an electrostatic force from the charge
trapped on the polystyrene sphere dominates, for z ≤ 30 nm, a van der Walls interaction was
observed [32]. The effect of tip radius on adhesive forces and coefficient of friction was studied
by Bhushan et al. They reported that at low humidity the adhesive forces do not change with the
tip radius however these increase with tip radius at high humidity. Coefficient of friction increases
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at all humidifies with the increase in tip radius [33]. This study heighted the importance of
capillary condensation and the need to control the environment under which these surface studies
are performed.
In the proposed investigation, for the first time each of the quantities that affect the mode
of translation at the micro/nano-scale, as predicted in the models described above i.e. in [1] and
in [28], will be measured and correlated with the lateral force required. The models will be tested
against the experimental data.
1.2.5 Nano-scale indentation
Micro/nano-spheres, which include beads, cells, and microcapsules, are used to produce
functional products. Their mechanical properties are important for understanding their
performance during manufacturing, processing, and applications. Nanoindentation techniques
using an AFM have proven effective for characterizing their mechanical properties. Applying a
mechanical load onto a single microsphere and measuring the corresponding deformation on the
cantilever allows extraction of the elastic modulus of the microsphere [34, 35]. Heim et al.
performed nano-scale radial indentation using an AFM on native collagen fibrils, which were
extracted from the inner dermis tissue of the sea cucumber. They reported the reduced elastic
modulus of these fibrils as 1 – 1 GPa [36]. Friction and indentation studies were reported by Cohen
et al. They used a sharp Iridium tip on a gold surface at loads ranging to submicron newton, and
the contact varied at each given spot. The friction was much higher during unloading than the
identical value of normal load. At the low range of loading forces it exhibited an elastic behavior
[37]. In a most recent study, comparing the nano-indentation and AFM methods to determine the
mechanical properties of polymers, Griepentrog et al. used Poly methyl methacrylate (PMMA)
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and Polycarbonate (PC) as their samples, and reported that using an AFM and performing force
curves, Hertz theory can be used to extract Young’s modulus of polymers precisely [38].
1.2.6 Nano-scale manipulation
To manipulate and assemble structures on the atomic scale, Atomic Force Microscope had
now found its use in sample deformation and patterning. Leung et al. reported the interaction
between AFM tip and polystyrene molecules in a film spread on a substrate. The tip produced a
persistent deformation in the film, and some of the polymer molecules were pulled up by the tip.
A periodic nanometer size pattern was induced on the film surface [39]. Kim et al. used an AFM
cantilever to machine complex patterns in the thin layers of MoO3 grown on the surface of MoS2
[40]. An AFM tip also can be used as a vector positioner. Schaefer et al. showed the ability of an
AFM tip to arrange Au clusters into a complex two dimensional (2D) pattern. These clusters were
found to be stable at room temperature [41]. Various other studies were performed using AFM as
a precise, controlled manipulator. Junno et al. demonstrated controlled manipulation of nanometer
sized particles with the AFM, analogous to atomic scale precision as compared with STM. By
controlled manipulation of 30 nm GaAs particles, they were able to form arbitrary nanostructures
[42]. Falvo et al. showed a great deal of AFM use as a manipulator in terms of dissecting, rotating,
and translating individual tobacco mosaic viruses with the help of an AFM tip. They found that
the substrate-virus adhesion and the virus’ elastic properties play important roles in the ability to
manipulate them without inducing any damage. They proposed a mechanical model in which the
shape of the virus affects the mechanical stability of the virus on to the substrate by changing the
friction force between the sample and the virus [43]. A modified scanning force microscope
capable of magnetically driven intermittent contact mode (MDIC) which had a direct manipulation
interface that allowed for controlled nano-manipulation and an easily identifiable resonance peak
12

in liquid, Guthold et al. successfully manipulated adenovirus on a Si surface submerged in water
[44]. A nano-robotic manipulation system was developed using an atomic force microscope probe
as the pushing manipulator. Sitti et al. successfully positioned different sizes of latex particles
ranging from 242 nm to 484 nm on a Si substrate. They performed simulations and experiments to
determine the conditions and strategies for reliable manipulation and sought the affecting
parameters [25].
1.3 Research significance and application
Overcoming the limitations of the Scanning Tunneling Microscope, AFM has become a
powerful tool to understand micro/nano-scopic science because of its straightforward three
dimensional measurements which can be extended to a wide variety of samples under different
conditions [42, 45]. The use of atomic force microscopy/friction force microscopy (AFM/FFM)
for nano-tribological studies has increased tremendously in the recent years to study surface
properties at scales ranging from atomic, molecular, to micro-scales. These techniques are used to
study friction, adhesion, scratching, wear, surface roughness, indentation, material transfer, and
for nanofabrication or nano-machining purposes. Friction and wear are well studied at the macroscale but are also very crucial in a fundamental understanding at the micro/nano-scale [7]. For a
sliding interface such as magnetic storage which requires a near zero friction and wear, and,
therefore, suitable lubricant coating, nano-tribological characterization becomes most significant
[33]. The most popular word in the field of science research has become Nanotechnology. The
aim in this field is the miniaturization of devices and machines down to atomic and molecular size
(examples are micro/nano-size sensors, tera-byte capacity super compact memories, micro/nanorobots for materials and biological applications, DNA computers, quantum devices, micro/nanoscale intelligence system devices, actuators and communication tools). Success requires a precise
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control over the position of atoms, molecules or nano scale objects. AFM or LFM is helping as a
nano-manipulator to achieve this goal [25].
Nanoparticles are used as lubricants or building blocks in micro/nano-electromechanical
system/devices (MEMS/NEMS) which require a clear understanding of these particles behavior
during nano-manipulation [2]. Stiction, friction and wear have profound influence on the
performance of these devices. Stiction and wear can lead to the failure of integrated
accelerometers, which are used in the development of air bags in automobile engineering and
digital micro-mirror devices. The ability to control stiction, friction and wear will significantly
help the MEMS/NEMS industry [46]. The AFM cantilever has proven its ability in nanomanipulation of devices.
The nano-tribological characterization presented in this study likely will be used to
understand and control the frictional behavior of micro/nano-size particles for prototypes particle
based micro/nano devices and fabrication templates, particle based lubrication, aerosol, and
particle removal applications [1, 41]. The study outcomes will help understand the different
interaction forces such as electrostatic, van der Waals interactions etc. and how they affect the
interfacial energy between a micro/nano-sphere and a flat surface [32]. One suitable application of
the findings from this study would be in the cleaning of semiconductor wafers. Unwanted
particulates on a semiconductor wafer can cause circuit defects which yields loss in the final
product. Chemical mechanical polishing (CMP) is used to planarize the wafer surface, but it leaves
residue on the wafer and, again, may cause circuit failure. Post CMP cleaning is expensive and
causes critical environmental issues. Using AFM as nano-manipulator and understanding the
particle adhesion of these particles on the wafer can help achieve defect free semiconductor wafer
post fabrication by removing unwanted particles efficiently and economically [47].
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2.0 Experimental methods and techniques
2.1 Atomic force microscopy
Since its invention in 1980 by Gerd Binnig and Heinrich Rohrer, which earned them a
Nobel Prize in Physics in 1986, the Atomic Force Microscope has become a popular tool for
investigating surface and mechanical properties of biological and semiconductor materials. It can
create 3-D micrographs with resolution down to the nano-scale or even sub-angstrom level. The
cantilever is the key imaging element of an AFM. This cantilever is typically etched from single
crystal silicon or cast from silicon nitride. A sharp tip extends from one end of this cantilever, and
the sharpness of this tip in large part determines the lateral resolution of the images it produces.
The probe tip is brought into close proximity with the sample, either in contact or oscillated to
make intermittent contact. The base of the cantilever, affixed through a larger piece of material
from which it is comprised, is mounted physically to a piezoelectric crystal, the so-called z-piezo.
Voltage applied across the electrodes of the piezo results in motion in in the microscopic range,
providing positional control on the sub-Angstrom level. The tip then is raster scanned over a region
of the sample surface. The lateral motion for the scan is produced either by torsion of the z-piezo
to which the cantilever is attached or by using additional piezos (the x-piezo for the fast scan
direction and the y-piezo for the slow scan direction) to translate the sample underneath the tip.
Deflections of the cantilevered beam are monitored by tracking the spot of a laser reflected from
the side of the cantilever opposite that of the tip. This tracking is accomplished through the use of
a four quadrant photodiode array – vertical deflections are registered as the difference in the sum
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signal of the top two quadrants and that of the bottom two quadrants. Likewise, torsion of the
cantilever is measured by the difference between the sum of the left two quadrants and the sum of
the right two quadrants [1].

Figure 2.1: Schematic of an Atomic Force Microscopy.
The instrument commonly is operated in one of two different modes, contact mode (or DC
mode) or intermittent contact mode (or AC mode). In contact mode, as the tip is scanned over the
surface, interactions of the tip with the topographic features cause the cantilever to deflect either
upward for raised features or downward for cavities. A feedback loop is established to minimize
such deflections by varying the voltage on the z-piezo in response to vertical motion of the laser
spot of the diode, moving the base of the cantilever to compensate for changes in the surface
topography and maintaining a constant deflection of the cantilever. By doing so, a nearly constant
force between the tip and the sample is maintained while the required voltage applied to the zpiezo provides a record of the surface contour. Calibration of the voltage response of the z-piezo
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allows for a spatial reconstruction of the surface. This contact mode of imaging is the simplest
method that provides a constant tip-sample contact force; however, it also results in relatively large
shearing forces between the tip and the sample. AC mode was developed, in part, to improve upon
this weakness. In AC mode, the cantilever is driven on resonance by either a small sinusoidal
signal applied to the z-piezo or to a dithering piezo inserted in mechanical connection with the
cantilever. The resulting oscillatory motion of the tip-end of the cantilever is monitored by the
photodiode. The feedback loop, instead of maintaining a constant deflection, is now used to
maintain a constant amplitude for the oscillating tip. Otherwise, the operation of the instrument is
quite similar to contact mode. The tip is raster scanned, interactions of the tip with the sample
either damp or increase the oscillation amplitude as the surface rises toward or falls away from the
tip, the feedback loop minimizes these fluctuations in amplitude by varying the voltage applied to
the z-piezo and, thereby, the position of the base of the cantilever, and the surface topography is
reproduced based upon this applied voltage.
While the instrument has a rather simple method by which it operates, it has significant
power. The resolution of AFM in the vertical direction is comparable to that of the best electron
microscopes, but the AFM has the advantage that its mechanical method of collecting images
requires neither vacuum nor stains. Materials may be imaged under a variety of solvents. In
particular, biological samples may be imaged under aqueous buffers that are much closer to their
native environments. And, these samples can be prepared by simple adsorption from solution onto
planar substrates without the use of a heavy metal dye or coating. Likewise, polymeric samples
can be imaged under varying solvent conditions, again with rather simple sample preparation.
Beyond the topographical image of a sample, the AFM also can extract a variety of other
important physical properties from a sample, including mapping of magnetic domains, adhesion,
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elasticity, and friction. Because the deflection of the cantilevered beam is monitored as the tip
interacts with the surface, including both in the normal direction as well as in torsion, this
instrument can be used to characterize the interaction strength between the tip and the substrate
both vertically and horizontally. Careful calibration of the mechanical properties of the cantilever
allows for the quantification of these measurements [2]. The work presented in this document
focuses primarily on extracting the elastic modulus and adhesion forces of nanoscale samples using
forces applied by the tip in the vertical direction. Details of this process will be given below.
Future experiments are proposed in which the torsion of the cantilever will be used to measure the
friction between similar samples and the underlying substrate. The measured friction forces will
be interpreted using the results of the elasticity and adhesion experiments.
2.2 Scanning probe force microscopy

Figure 2.2: Plot of the Deflection versus Linear Variable Differential Transformer (LVDT) in a
typical force curve. LVDT is the distance the z-piezo moves and tracks the position of the base of
the cantilever. The Deflection is the distance the tip end of the cantilever has been displaced from
its rest position. Positive deflection is away from the sample, negative is toward the sample. The
approach curve is shown in red, the withdrawal in blue.
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Scanning probe microscopy (SPM), a name given to a class of nanoscale materials
characterization tools based upon AFM, has become a popular method with which to explore the
surface properties at the nanoscale. In particular, for our applications it is the best tool for directly
measuring nanomechanical properties and nanoscale friction [2].
Nanoindentation is the most common technique used for the extraction of the elastic
modulus of samples with sizes below 1 μm. While other tools exist, AFM and SPM have come to
dominate this field. A typical indentation experiment using AFM (called a force curve) is
performed by using the z-piezo to first approach and then withdraw the base of the cantilever over
some linear distance on the order of a micron (see figure 2.2). During the approach process

Deflection

δ

z-piezo position

Figure 2.3: Schematic of the approach curve for a hard sample (solid line) and a soft sample
(dashed line). The indentation δ of the soft sample is the horizontal difference in the deflection.
(shown in red in the figure 2.2), the sharp tip of the cantilever first nears the sample, then makes
contact, followed by being pressed into the sample by a force applied through the cantilever. The
system is quasi-static in nature, so the sample pushes back with an equal force. The cantilever
bends in a direction normal to the surface, and, through knowledge of the mechanical properties
of the cantilevered beam plus its deflection, the force required to indent the sample can be
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determined. The extent of the indentation for the paired applied force is found by performing an
initial force curve on an ‘infinitely hard’ (much more rigid than the sample) surface. The
difference between the deflection of the cantilever on the hard surface and the softer sample
provides the indentation (see figures 2.3 and 2.4). The second half of the force curve reverses the
process with the cantilever withdrawing to its original starting position. During the withdrawal,

Figure 2.4: Schematic of a plot of Indentation versus Force. The axes have arbitrary scale.
the deflection of the cantilever decreases, reflecting the decreasing force applied by the tip on the
sample. Eventually a zero applied force is reached, after which the cantilever bends toward the
sample – the cantilever is pulling on the tip which is adhered to the surface. This deflection toward
the sample continues to increase until the cantilever is pulling with a force large enough to
overcome the adhesion between the tip and the sample. The tip snaps free from the surface, and
the cantilever returns to its rest position as it continues to the stopping distance above the sample
[2].
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2.3 Elastic modulus and Hertz model
In the work to be presented, we indent polystyrene microspheres with the help of an AFM
tip. Under certain conditions, both the silicon tip and the microsphere can be considered elastic in
nature. When elastic bodies are pressed against each other, they deform each other’s surfaces.
Heinrich Hertz was the first quantitatively measure and describe the interaction between two
smooth surfaces in 1895. In this work, the Hertz model will be used to analyze the data recorded
[3-5]. This choice is appropriate for systems with a weak surface interaction, which we expect for
our samples under solution.
Tip
Sample
Substrate

Figure 2.5: Schematic of the spherical sample being deformed by the tip and the supporting
substrate.
From the Hertz model, when two elastic spheres are pressed one against the other, the
indentation δ as a function of the applied force F is given by
1
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where R1 and R2 are the radii of the spheres, E1 and E2 are their elastic moduli, and ν1 and ν2 are
their Poisson ratios. In our system we will be using a silicon AFM tip (which is essentially
spherical) to indent polymeric spheres, and in the equations above subscript 1 will be assigned to
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the sample and 2 to the tip. The elastic modulus of silicon is much, much larger than that expected
for the polymer sphere; therefore k1 >> k2 and k2 can be neglected. So, for the tip indenting the
sample a slightly simplified equation can be used:
1
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In our experiments, the sample spheres are supported by a planar silicon substrate. If we
again consider the Hertz equation given above with the sample’s characteristics labeled 1 and the
substrate’s 2, k1 >> k2 as before. However, since the radius of the flat substrate approaches infinity.
𝑅1 + 𝑅2
1
→
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𝑅1

The resulting equation for indenting the spherical sample with the planar substrate then is given
by,
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The total indentation is the sum of these two indentations, which simplifies to
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The 2/3 dependence of the indentation on the force was used to generate the schematic data
shown in figure 2.4 above and can be seen in the negative curvature in this plot.
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2.3.1 Adhesion measurements from force curves
Adhesion measurement of the force of adhesion between AFM tips and substrates is
another common application of SPM. Simply, the adhesive force is found from the largest
downward deflection of the cantilever during the withdrawal portion of the force curve [6, 7]. In
figure 2.2, this would be the point (1320 nm, -13 nm) along the blue trace. After calibration of the
spring constant of the cantilever, multiplication of this spring constant with the largest downward
deflection gives the force of adhesion. More detail of such experiments will be given below.
2.4 Lateral force microscopy
The force required to translate a nanoscale object across a surface is measured by the
torsion of the cantilever during the process. Commonly the torsion spring constant is found
through beam mechanics from the normal spring constant:
𝐺

𝑘𝑡𝑜𝑟 = 1.33 (

𝐿

𝐸 𝑙𝑡𝑖𝑝

2

) 𝑘𝑛
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where G and E are the shear and elastic moduli of silicon (the material from which the cantilever
is etched, L is the length of the cantilever, ltip is the length of the tip, and ktor and kn are the torsion
and normal spring constants, respectively. The length of the cantilever is supplied by the
manufacturer and typically has a very small tolerance. The length of the tip, though also specified
by the manufacturer, often has larger variation and will be measured in the Scanning Electron
Microscope (SEM). Once calibrated, the force creating the torsion of the cantilever is found by
multiplying the lateral deflection with the torsion spring constant.
In a typical friction measurement, the tip starts from a stationary position in contact with
the substrate. The cantilever is moved laterally toward the object of interest through some
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predetermined distance. The path is chosen such that the direction of motion is perpendicular to
the long axis of the cantilever, thereby producing maximal torsional deflections of this beam and
a maximal signal for measurement. Because the tip has adhered to the substrate, as the motion
begins the cantilever moves before the end of the tip. The cantilever twists increasingly until the
force generated on the tip is large enough to overcome the adhesion, and the tip starts sliding.
When the tip makes initial contact with the object under investigation, it either becomes stationary
or slows its motion. The cantilever continues to move laterally, increasing its torsion and the
lateral force applied by the tip to the object. Once the lateral force is large enough to displace the
object, the object begins to translate with the tip. The force required for this translation includes
the friction force between the tip and the substrate, between the sample object and the substrate,
and (potentially, if there is rolling) between the tip and the sample object. Measurements of the
friction between the object and the substrate thus require knowledge of the friction between the tip
and the substrate, to be subtracted out as a background, and the mode of translation – rolling or
sliding. If the object is rolling, then the tip surface and that of the substrate must be accounted for.
The easiest way to do this is to make both surfaces match. For this reason we will be using silicon
cantilevers/tips as well as silicon substrates. The same silane chemistry will be done on each to
simplify this analysis.
Knowledge of the mode of translation is a unique aspect of this work. In previous work
investigating the translation of icosahedral virus capsids (adenovirus) [8] it was observed that
Fourier transforms of the lateral force data trace (see figure 2.6) highlighted periodic features
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within the trace, and these features could be ascribed spatially to dislodging facets of the
icosahedron as the tip rolled the virus. When spherical control objects were translated in a similar
manner, the periodic features disappeared. Thus the Fourier analysis of the lateral data trace offers
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First
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Figure 2.6: Left: Sample force traces (plot of lateral force versus distance moved by the AFM tip)
for the first and second time a capsid is translated. The arrow indicates the increase in the lateral
force that occurs as the tip contacts the virus (shown schematically along the Distance axis. Right:
Fourier spectra of second trace shown on the left and a trace taken while translating a 100 nm
polystyrene microsphere (curve lying near the horizontal axis). The labeled peaks correspond to
the distance between facets and the capsid circumference, illustrated schematically in the inset.
Further enhance data not shown in [24].
a powerful means to discover the modes of translocation between rolling and sliding. In the present
study, Fourier analysis will be used to investigate the translocation mode of polystyrene
microspheres. However, because our samples are spherical, an asymmetry must be introduced.
This will be achieved by performing a normal force curve to the microspheres, applying a force
that exceeds the plastic limit. An indentation should be left in the surface of the sphere, giving us
the asymmetry needed to produce periodic features for detection by Fourier analysis. If such
features are not apparent, it is likely that the sample is sliding.
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2.5 Cantilever spring constant measurement
The nanoindentation and lateral force measurements will be performed using the tip of an
AFM, as described above. Calibration of the spring constant of the AFM cantilevers will be carried
out using the standard thermal method. In the thermal method, the AFM cantilever is approximated
as a simple harmonic oscillator with one degree of freedom for small deflections. The equipartition
theorem assigns an average of (1/2)*kB*T, to each degree of freedom in this system, where kB is
Boltzmann's constant, and T is temperature. Simply, the thermally driven resonance spectrum of
the cantilever is recorded and fit to an equation.
1
2

𝑘𝐵 𝑇 =

1
2

𝑘 𝑥2

(2.8)

where k is the cantilever's spring constant and x2 is the root mean square (RMS) displacement of
the cantilever due to thermal excitation. This RMS displacement is the measured cantilever
deflection signal, converted from a voltage into a displacement by first calibrating the cantilever's
sensitivity or InvOLS (Inverse Optical Lever Sensitivity). It is calculated by integrating under the
square
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the
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From this equation, the spring constant is extracted [9]. The technique is established well enough
that it is now implemented through the manufacturer’s software.
The Hertz equations used require knowledge of the radii of the microsphere and the tip.
The radius of the microspheres can be determined directly as half of the height of the sphere when
imaged by AFM. The radius of the tip can be extracted from the ‘tip artifact’ caused by the
combination of the tip shape with that of the imaged sample. If x is half the measured width of the
microsphere and R1 and R2 the radii of the sphere and tip, respectively, then
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𝑥 = 2√𝑅1 𝑅2

(2.9)

x is easily measured from the image collected of the sphere, and the radius of the microsphere is
half of the measured height.
2.6 Plasma cleaning
To achieve optimum results during every step of this project, it is necessary to have a clean,
contamination free substrate. Cleaning the substrate only with organic solvents leaves the substrate

Pump

Substrate

Figure 2.7: A schematic of the Plasma Cleaner.
with difficult to remove organic contaminants. Such contamination can limit the ability to perform
accurate force microscopy analysis in this project. Plasma cleaning of the specimen has proven to
be a highly effective method in microscopic analysis [10].
A schematic is shown in figure 2.7. Plasma is created using different gaseous species inside
the thick walled glass chamber using high frequency voltage (in the range kHz to MHz). In this
process various gases react with different materials. Gases such as oxygen, argon, as well as
mixtures of air and hydrogen/nitrogen are used. These gas atoms are excited to higher energy states
and ionized. When atoms or molecules relax to their ground state they release characteristic
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photons. Oxygen plasma removes hydrocarbon contamination by converting it to carbon monoxide
(CO), carbon dioxide (CO2), and water vapor (H2O), which are evacuated by the vacuum system.
The color of the plasma plume depends on the gas used to generate plasma. We have utilized PDC
– 32G plasma cleaner manufactured by Harrick Plasma. The background used in this system is air
and the color of the plasma is purple. We bleed in small amounts of air, which changes the plasma
color to rose. The color indicates the increased oxygen in the chamber.
2.7 Ultrasonic cleaning
Contamination present on a specimen can be complex in nature where the use of ultrasonic
cleaning takes place. The importance and application of ultrasonic cleaning have been growing
recently to achieve the maximum results towards precision cleaning [11]. Ultrasonic cleaning is
one of the most efficient non-abrasive methods of cleaning which does not use the chemical
dissolution of the substrate. This method is capable of removing more complex contaminants
without damaging the surface of the substrate [12].
Ultrasonic cleaning uses cavitation and momentum transfer by the propagation of high
intensity acoustic waves. In this process, ultrasound (ranging 20 – 400 kHz) is combined with an
appropriate solvent to accomplish the complex cleaning. High frequency sound waves are used to
agitate a liquid which produces very high forces on the contaminants adhered to the substrate. The
specimen to be cleaned is placed in the chamber containing the cleaning solvent. Ultrasound is
generated by piezoelectric transducers, which produces compressive ultrasonic waves. These
waves tear the liquid apart by creating partial vacuum bubbles also known as cavitation. These
bubbles collapse with very high energy, removing the dirt and contaminants from the specimen
surface. Frequency can be increased to achieve precision cleaning of more intricate specimen. We
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have used FS20H ultrasonic cleaner manufactured by Fisher Scientific. We have utilized two steps
of cleaning (acetone and ethanol) followed by one step of rinsing in DI water. Each step undergoes
a relatively long length (~ 15 minutes) cleaning to accomplish a crystal clean substrate.
2.8 References
[1] G. Binnig, C.F. Quate, C. Gerber, Atomic force microscope, Phys Rev Lett, 56 (1986) 930.
[2] H.-J. Butt, B. Cappella, M. Kappl, Force measurements with the atomic force microscope:
Technique, interpretation and applications, Surface science reports, 59 (2005) 1-152.
[3] K. Johnson, K. Kendall, A. Roberts, Surface energy and the contact of elastic solids,
Proceedings of the royal society of London. A. mathematical and physical sciences, 324 (1971)
301-313.
[4] H. Hertz, Ueber die Berührung fester elastischer Körper, Journal für die reine und angewandte
Mathematik, 92 (1882) 156-171.
[5] L.D. Landau, E.M. Lifshitz, Course of Theoretical Physics Vol 7: Theory and Elasticity,
Pergamon Press, 1959.
[6] D.C. Lin, E.K. Dimitriadis, F. Horkay, Robust strategies for automated AFM force curve
analysis—I. Non-adhesive indentation of soft, inhomogeneous materials, Journal of biomechanical
engineering, 129 (2007) 430-440.
[7] F. Rico, P. Roca-Cusachs, N. Gavara, R. Farré, M. Rotger, D. Navajas, Probing mechanical
properties of living cells by atomic force microscopy with blunted pyramidal cantilever tips,
Physical Review E, 72 (2005) 021914.
[8] M. Guthold, G. Matthews, A. Negishi, R. Taylor, D. Erie, F. Brooks, R. Superfine, Quantitative
manipulation of DNA and viruses with the nanomanipulator scanning force microscope, Surface
and interface analysis, 27 (1999) 437-443.
34

[9] J.L. Hutter, J. Bechhoefer, Calibration of atomic‐force microscope tips, Review of Scientific
Instruments, 64 (1993) 1868-1873.
[10] T. Isabell, P. Fischione, Applications of plasma cleaning for electron microscopy of
semiconducting materials, in: MRS Proceedings, Cambridge Univ Press, 1998, pp. 31.
[11] F.J. Fuchs, Ultrasonic cleaning: Fundamental theory and application, (1995).
[12] A. Pereira, Ultrasonic cleaning: overview and state of the art, in, ATCP Physical Engineering,
(2010) 1-14.

35

3.0 Materials
The experiments are designed to characterize the dependence of rolling and sliding friction
upon such physical properties as size, elastic modulus, and adhesion. Thus we need samples that
allow for these properties to be varied. For this reason polystyrene microspheres of different
diameters and polished Si as surface substrate, were chosen.
3.1 Polystyrene microspheres
Polystyrene microspheres are available in a broad range of sizes extending down to a radius
of 50 nm. Their elastic modulus can be varied through the use of solvents: polystyrene is soluble
in ethanol but not water, and ethanol is miscible in water. By varying the dilution of ethanol in
water the degree of swelling of the polymeric spheres can be tuned, and this swelling will modify
the modulus. Control over the adhesion can be achieved through surface chemistry. The surface
chemistry of the microspheres can be varied, either as purchased with amino- or carboxyterminated groups on the surface or through further in-lab modification using coupling chemistry
with these surface groups.
3.2 Polystyrene introduction
Polystyrene (abbreviation ‘PS’) also known as ‘Thermocole’ belongs to the group of
thermoplastics which also includes polyethylene, polypropylene, and pol-vinyl chloride.
Polymerization of styrene monomers results in Polystyrene. Figure 3.1, below shows the chemical
structure of styrene monomer. PS is a long chain hydrocarbon where alternating carbon atoms are
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attached to an aromatic benzene ring. During polymerization the C-C pi bond from the benzene
group is broken to form a new C-C sigma bond and attaches another styrene monomer to the chain.

H

C

C

n
Figure 3.1: Showing chemical structure of Poly-styrene.
H

H

This newly formed sigma bond is much stronger than the pi bond, making it difficult to
depolymerize the polystyrene. The chemical formula for polystyrene is (C8H8)n. Short range van
der Waals attraction between the polymer chains defines the materials properties. In general PS
molecules contain thousands of atoms and the total attractive force between the molecules is large.
Polystyrene melts at 240 oC, though decomposes at much lower temperature. In general
polystyrene is clear, hard, brittle, and transparent [1].
3.3 Polystyrene application
Polystyrene comes in various forms and shapes and it is found almost everywhere in our
daily life usage. Polystyrene products are heat resistant. They provide practical toughness,
lightness, and strength to a wide range of uses such as electronic, appliances, packaging and
medical products. The special property of polystyrene makes it very popular for various industrial
applications. It is one of the most highly consumed materials worldwide which makes it a
quantitatively important chemicals. In daily life it finds its use in protective packaging, containers,
bottles, trays, lids etc. Foamed polystyrene is used in chemical packaging [2].
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3.4 Polystyrene degradation
Polystyrene is chemically inert to acids and bases, though it can dissolve easily into
chlorinated solvents and various other aromatic hydrocarbon solvents. Upon burning polystyrene
breaks into CO2 and water vapor. One of the biggest disadvantages is its non-biodegradability.
Discarded PS does not degrade for hundreds of years, and it also is resistant to photolysis, creating
a huge environmental concern [3].
3.5 Silicon substrate
The silicon substrate surface can be modified simply using silane chemistry. Thus this
combination of polystyrene microspheres on silicon wafer allows for the control over the surface
chemistry and adhesion needed for the investigation.
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4.0 Elastic modulus of polystyrene microspheres of different sizes
4.1 Introduction
Investigation of mechanical properties has become one of the most fundamental studies in
mechanical characterization. The mechanical testing provides important information about
materials structure. The local mechanical properties of polymers at the nano/micro-sphere level is
of fundamental importance for their use in the scientific and technological applications. This
information is useful both at the bulk and nanostructured scales. Furthermore, recent technological
advancements require mechanical characterization of nanosized or nanostructured materials, this
has become important since the knowledge of mechanical properties gained by conventional
methods on the macro scale is not always valid at the nano/micro-scale. A semi crystalline polymer
may be treated as homogenous at the bulk for the mechanical properties, but at the nano/microscale it potentially can have both crystalline and amorphous mechanical properties [1, 2].
Nano/micro-spheres, which includes beads, cells, and microscapsules, have become an
area of extensive research. The characterization of these nano/micro-spheres has a wide range of
applications. It is important to characterize nano/micro-spheres for their mechanical properties
before any manipulation. In bio-technology the knowledge of mechanical properties of cells is
required. Some examples include; why some cancer cells are less stiff than the regular cells, to
understand the effect of drug in cell stiffness, the mechanical effects of the non-uniform geometry
of viral capsid, etc. There are several novel techniques used to characterize the mechanical
properties of nano/micro-spheres [3]. Nanoindentation is used to measure various mechanical
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properties such as hardness, elastic modulus, viscoelastic properties, fracture toughness, and
interface toughness. Nanoindentation can also help with some other information such as creep,
induced phase transformation etc. In general, a sharp probe is used for tough materials like ceramic,
metallic, and hard tissues. For soft materials like polymers, soft tissues and biological cells, a
spherical indenter is used. Such nanoindentation analysis can be performed either by using an
AFM or a nanoindenter [4-6].
Since its invention the Atomic Force Microscope (AFM) has emerged as a powerful tool
to study surface properties of nano/micro-spheres. The capability to control the applied normal
force in the range of nanonewtons to piconewtons by changing the tip curvature and cantilever
stiffness, gives it an advantage over a nanoindenter. Thus, we can expect AFM nanoindentation to
provide an effective method to measure the elastic modulus of nano/micro-spheres [7-10].
The basic technique used for the mechanical properties of nano/micro-spheres is the class
of force spectroscopy known as force curve analysis. The AFM probe is extended to the surface at
a fixed point while the force and vertical deflection of the cantilever are recorded. The force versus
cantilever deflection is plotted and contains the information about the short and long term
interactions representing the basic estimation of the elastic modulus. The Hertz model most often
is used to describe the elastic deformation of two perfectly homogenous smooth bodies touching
under a given load. The sample and the cantilever can be modeled as two springs in series as tipsample stiffness and cantilever spring constant respectively. Hertz model assumes the sample as
an isotropic and linear elastic solid. The formulation shown previously also assumes that the probe
is not deformable and there are no further interactions between the probe and the samples [2, 6, 7].
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4.2 Elastic modulus
In this work we have used an Atomic Force Microscope (model MFP-3D, Asylum
Research; Santa Barbara, CA), which is capable of producing images with resolution well below
one nanometer, and is well designed for use in Force Spectroscopy measurements. The noise floor
of this instrument in our lab is limited to ~3 Å by the quality of the air table (TMC, Peabody, MA)
used for mechanical isolation from the environment. Silicon probes (AFM tips) were used and are
commercially available (Mikromasch; Moscow, Russia). The typical resonant frequencies for
these probes range between 150 – 190 kHz, and the spring constant is nominally ~ 45N/m. Polished
silicon wafers have been used as substrates for the deposition of polystyrene microspheres
(Polysciences, Warrington, PA).
4.3 Sample preparation
Sample preparation began with the rigorous cleaning of the Si substrates. Initially, the
silicon wafers were cleaved into 1 cm x 1 cm squares using a diamond scribe, followed by plasma
cleaning. Afterwards the silicon substrates were subjected to solvent cleaning in an ultrasonic bath
for 15 minutes each. Solvent cleaning was performed first by acetone, followed by ethanol. To get
rid of any hydrocarbon residue from the substrates, they were further cleaned in DI water in the
ultrasonic bath, and the substrate was dried by nitrogen. A final plasma cleaning, followed by a DI
water rinse and nitrogen drying, was performed. This multi-stage cleaning process removed any
contaminants from the surfaces, whether silicon chips from the cleaving process or organic
deposits from air or other solvents. Such contaminants had been observed to appear very similar
to the polystyrene microspheres of interest when imaged by the AFM [11].
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Commercially available polystyrene microspheres of sizes 50nm, 100nm, 200nm, and
500nm were used in this work. These samples were diluted, 1 part in 1000 by volume, in DI water
(Barnstead E-Pure, Thermo-Fisher; Waltham, MA) to reduce the density of the microspheres on
the substrate as desired. The diluted sample was then drop-cast on the Si substrate: 5 μl of diluted
microspheres was deposited onto the substrate, followed by a 5 minute incubation, rinsed quickly
thereafter with DI water, and dried under a nitrogen stream. The sample was then mounted in the
AFM.
4.4 Atomic force microscopy
The imaging was performed in air using intermittent contact (aka AC) mode. 5 μm x 5 μm
scan sizes were used, along with a 500 pixel x 500 line resolution. This gave a 10 nm x 10 nm
pixel size. For force spectroscopy, particles of the expected height were software selected for
measurement. The cantilever approach and withdrawal speed was set to 1 μm/s, and a force limit
of 0.1 V, corresponding to ~0.4 nN, was prescribed. Force curves were performed both on separate
microspheres and repeated on individual microspheres to assess variation in the data. The
cantilever spring constants were calibrated using the thermal method, and the deflection versus zpiezo position data was converted to indentation versus force [12, 13]. The Hertz model described
previously was fit to this data, and the elastic modulus extracted.
4.5 Results and discussion
After force calibration, topographical images of different sizes of microspheres were
obtained to confirm the density of microspheres over a given scan area (see figure 4.1). These
images are gray scale – the tallest areas have the lightest shading. A tip artifact is apparent in 4.1b
and 4.1d, resulting in non-circular cross-sections of the spherical particles.
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Figure 4.1: Atomic Force Microscope Images of Polystyrene microspheres of a) 50 nm, b) 100
nm, c) 200 nm, and d) 500 nm deposited on Si substrate.
The elastic modulus, E, was determined on a number of polystyrene microspheres by
performing force spectroscopy in single and continuous modes. Microsphere sizes were chosen
to be 50 nm, 100 nm, 200 nm, and 500 nm. A typical force curve and the resulting indentation
versus force plot are shown in figure 2.2 above and figure 4.2 below, respectively. Table 4.1
summarizes the Elastic moduli as measured for these microspheres.
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Figure 4.2: Indentation (δ) versus Force (F) graph (Fitted with Hertz model).

Table 4.1: The measured elastic modulus E of different sizes of microspheres in single and
continuous mode and data comparison from the Student’s t Test.

Size (nm)
50
100
200
500

Different PS
Beads
 ±σ (N)
1.94±0.63 (10)
2.39±0.61 (9)
2.21±0.75 (13)
2.47±0.87 (10)

Elastic Moduli (GPa)
Same Bead
 ±σ (N)

Combined
 ±σ (N)

Student’s t Test
(Unpaired)
P Value

2.27±0.49 (13)
2.43±0.67 (9)
2.27±0.49 (10)
2.53±0.66 (11)

2.13±0.57 (23)
2.41±0.62 (18)
2.24±0.64 (23)
2.5±0.75 (21)

0.1665
0.8884
0.8377
0.8730

Within table 4.1 are columns for measurements performed on multiple separate
microspheres (Different PS Beads) and for repeated measures on the same microsphere (Same
Bead). The elastic modulus of bulk polystyrene has been reported to be in the range of 2 – 5 GPa
[11]. The E value obtained in the present study for the polystyrene microspheres in all cases is
comparable to this bulk value. To assess the variability of the measured value for the elastic
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modulus, a comparison between the results obtained for repeated measures on a single microsphere
of a certain size and the results from measurements taken on multiple microspheres of that size
was made. From the Student’s t-test for unpaired data it was clear that the two data sets were
indistinguishable. Because the data were indistinguishable, they were aggregated and listed in third
column (combined) of table 4.1. These results demonstrate that, for this polymeric material, the
bulk mechanical properties persist down to length scales on the 10’s of nanometer. The larger
variation in the moduli of the 50 nm microspheres potentially indicates that we are near the limit
where the bulk values break down.
4.6 Conclusion
We report the elastic modulus E of commercially available polystyrene microspheres in
the range of 1.94 – 2.53 GPa, which is comparable to the reported modulus of bulk polystyrene
[11]. The work was carried out using an Atomic Force Microscopy, performing force spectroscopy
on four different sizes of polystyrene microspheres deposited on a Si substrate. The obtained data
from force spectroscopy was analyzed using Hertz model. The elastic moduli obtained were
compared using Student’s unpaired t tests. The probability P obtained among all sets of data,
confirms that E values obtained are the same, regardless of whether taken from repeated measures
on a single microsphere or aggregated measures from multiple microspheres. These results
demonstrate both accuracy and precision for the technique. We conclude that the bulk mechanical
properties of the material extend down to objects with dimensions of ~ 50 nm.
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5.0 Tuning the mechanics of polymeric microspheres
5.1 Introduction
Mechanical properties have been demonstrated to play an important role in surface
adhesion, friction and the translational properties of materials at the micro/nano-scale [1-4]. Thus
understanding the mechanical properties of the polymeric materials at the micro/nano-scale has
drawn great interest and inspired the tuning of these mechanical properties by various means [5].
While surface chemistry and topography of micro/nano-surfaces have been widely investigated
and are considered equally important, new findings regarding the mechanical properties and how
this can be tuned, has opened new possibilities. In particular, in the field of polymeric materials
control over the mechanical properties expands the use of polymers for science, engineering, and
biomedical applications [6].
Polymeric materials with different functional groups are widely available for numerous
applications such as, osmotic pressure sensors, anti-corrosion coatings, free standing membranes,
controlling wetting properties, and interactions with biological systems. Most relevant for the
presented work, polymeric microspheres are found in the pharmaceutical, surface coating, food,
and chemical industries. At the nanoscale these microspheres have mechanical properties that
differ from those in bulk. A clear understanding of mechanical properties of these individual
microspheres and developing techniques for the tuning of these mechanical properties over a broad
range will further aid their applications within the above mentioned daily uses [7, 8].
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Tuning the mechanics can be achieved from the outset of manufacturing of the material,
using such approaches as changing the molecular weight of the polymer constituent of the
microspheres, varying the cross-linking within microspheres, or using an appropriate additive.
Other synthetic approaches relying on the use of random copolymers of controlled ratio of charged
and uncharged monomers have also been used to tune the mechanics over many orders of
magnitude [8].
Alternatively, the mechanics of the microspheres can be modified after their formation
through varying the suspending solvent. It has been shown that the mechanical properties of the
microcapsules depend on the encapsulated fluid and the shell thickness, and also on the pH and
salt concentration when the capsules were kept in an aqueous medium. It was found that
polyelectrolyte microcapsules are more rigid when filled with a polyelectrolyte solution rather than
with pure water [9, 10]. Lubrasky et al., used UV irradiation in absence of oxygen, UV ozone
combined, and UV irradiation (ozone only) to modify the near surface mechanical properties of
polystyrene films [11]. There also have been efforts to tune mechanics of hydrated collagen fibrils.
Grant et al., reported a decrease by three orders of magnitude of elastic modulus while under
aqueous fluid when compared with those measured under the ambient conditions [12]. However,
Yang et al., found very little change in shear modulus when a cross-linking molecule was applied
to collagen fibrils [13].
We report tuning of the mechanics of polystyrene microspheres by varying the solvent,
using DI water, ethanol, and varying water/ethanol mixtures. Polymeric materials suspended in
water have many practical applications, such as immunoassays and drug delivery systems. A
greater understanding of the interactions between polymers and such ethanol or a water-ethanol
mixtures will find applications in the manufacturing of membranes, drug delivery systems, and
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pervaporation [14, 15]. In this work we have developed a technique that precisely tunes the
mechanics of polystyrene microspheres using DI water, ethanol, and mixture of DI water-ethanol
as solvents. Water is a very weak solvent for polystyrene, and ethanol is only somewhat better. By
using water and water/ethanol mixtures as a bathing solution, the polystyrene microspheres swell
without dissolution. Such swelling dilutes the polymer molecules within the microspheres,
spreading out the distances between entanglement points. This behavior will have the effect of
reducing the elastic modulus as the microspheres swell. Here we discuss the measurement of the
mechanics of PS microspheres under DI water, ethanol and their mixtures, following the
microspheres’ mechanics as they reach their absorption equilibrium volumes.
5.2 Flory-Rehner theory
The immiscibility of polystyrene in water and the complex nature of the water/ethanol
mixture warrant further investigation of the swelling behavior of these microspheres [15]. Polymer
swelling is an important technical topic which has applications in wide variety of technologies
such as hydrogels, membrane science, biochemical protective clothing, and controlled release of
drugs [16]. There is a long history of the theoretical understanding of swelling, and numerous
molecular models have been developed to predict the elasticity and polymer swelling. The majority
of these models were developed considering an ideal polymer network. A number of experimental
works have been performed to test and evaluate these models, yet the validity and applicability of
these models have not been established. Additionally, for non-ideal polymer networks, little is
known about how the structure of a network influences the elasticity and swelling behavior [17].
By far, the most influential theoretical investigation of elasticity and polymer swelling was
developed by Flory and Rehner in 1943. Since then, their theory has been applied to various cases
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to explain the sorption equilibrium of cross-linked polymers exposed to a single solute. The three
major interaction parameters found are cross-link density, temperature, and concentration. There
have been considerable efforts made toward understanding the swelling in electrolytes and
hydrogen bonding solvents [16]. S. V. Panyukov further developed the original idea of FloryRehner theory and presented equilibrium swelling of networks in a good solvent as a function of
preparation conditions [18].
Flory-Rehner explained how the swelling equilibrium is dictated by a balance between the
osmotic part of the free energy acting to swell the network and the elastic part of the free energy
restricting the swelling [19, 20]. Experimentally, the swelling of the microspheres is tracked as ϑ,
the volume fraction given by ratio of the condensed volume to the swollen volume, and the
modulus is measured as this volume fraction varies. According to the Flory-Rehner theory, the
modulus of elasticity of the gel is given by,
1

𝐸=(
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𝑀𝑐
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where R is the gas constant, T is absolute room temperature, ρ is the density of the polymer, ϑ is
the volume fraction, Mc is the molecular weight of the polymer chain, and α is the ratio of the
elongated swollen polymer to its length in the unstressed condition. For the unswollen polymer,
elasticity would be given by,
𝐸=(

𝑅𝑇𝜌
𝑀𝑐

)(1 +

2
𝛼3

)

(5.2)

Clearly equation 5.1 differs by υ 1/3 when compared with equation 5.2. This suggests that
the modulus of the elasticity of the gel should decrease with the inverse cube root of the swollen
volume, E ~ 1 / υ1/3. As part of our investigation, we attempted to validate this aspect of the Flory51

Rehner theory: does the elasticity indeed scale with polymer swelling within our polystyrene
microspheres system in DI water and ethanol?
5.3 Experimental procedure
To determine how the solution surrounding the microspheres determines their mechanics,
the experiments presented herein were performed on the same size range of polystyrene
microspheres as had been used in our previous studies. We now performed the experiments under
a varying but controlled fluid environment. We used ethanol and DI water as our primary solvents.
Polystyrene microspheres were submerged in pure (95.27%) ethanol and 100% DI water during
the force spectroscopy measurements. These two extremes provide the range over which we can
expect to vary our sample modulus. The experiments were extended to include varying dilutions
of ethanol in water for the solution in which the force spectroscopy experiments were performed.

PS
beads

PS
beads

H2O

(C8H8)n

C2H6O

Figure 5.1: Schematic of PS beads treated with solvent to modify the modulus.
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5.3.1 Sample preparation
We used 1 cm x 1 cm silicon substrates, which were cleaned through a multi-phase process
as described previously. Polystyrene microspheres of the varying sizes (50, 100, 200, and 500 nm)
were chosen for this investigation. The polystyrene microspheres were drop cast from diluted
solution as before. After deposition, the substrate was momentarily (less than one second) placed
on a hot plate measured to be 100oC. This process slightly melted the microspheres at the substrate
surface, increasing their adhesion and guaranteeing the presence of polystyrene microspheres on
the Si substrate. Because the sample was submerged in solvents (DI water and ethanol), the
adhesion between the microspheres and the substrate was weak, making imaging with the
mechanical process employed by AFM difficult. By increasing the adhesion, this step improved
confidence in imaging without chemical modification of the microspheres. A Petri dish was used
to contain the fluid, allowing larger quantities of bathing solution and reducing the effects of
evaporation during the experiments. Putty was used to mount our submerged sample in the liquidcontaining Petri-dish. Typically, double-sided sticky tape is used to mount samples for use in the
microscope; however, this tape likely would solubilize with time in our experiments and
contaminate the sample surface. The putty was tested to show that it does not degrade under the
solvents, and the surfaces remained clean in its presence. This Petri-dish was then mounted on a
glass slide using a double-sided tape.
5.3.2 Atomic force microscopy
The Asylum AFM and Mikromasch AFM tips again were used; the spring constant of the
cantilevers nominally was 14 N/m. Using the thermal method, the spring constant was calibrated
to be 16.25 N/m. AC mode imaging was used under solution to locate the microspheres for
measurement, and force curves were performed as described in Chapter 4. We again used 50 nm,
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100 nm, 200 nm, and 500 nm size polystyrene microspheres. Initially, samples with microspheres
of each size were submerged in 100% DI water. A 5 μm x 5 μm topographical image was obtained
to locate clearly separated microspheres on the substrate. Single force curves were performed on
five randomly chosen microspheres. Then continuous mode force spectroscopy was performed on
a different microsphere to get repeated measures. This process was repeated for all sizes of
microspheres. The solvent was then changed to pure ethanol, and the same force spectroscopy
procedure was performed on these microspheres under the new conditions.
5.4 Results
Prior to performing the elastic modulus versus swelling experiments, a swelling profiling
was done on these polystyrene microspheres to determine the length of time required for swelling
to reach completion. PS beads of all sizes were submerged in ethanol for a given length of time.
Images illustrating the swelling of the microspheres are shown in figure 5.2. Swollen volumes

Figure 5.2: On the left showing AFM image of 500 nm PS beads swollen in ethanol for 6 hours,
on the right shows swollen in ethanol for 12 hours.
(determined by measuring the diameter using line profiling) were measured, followed by force
spectroscopy to extract the modulus. Table 5.1 below summarizes the swollen volume data for
different swelling times.

The volume data were then expressed as volume fraction (ϑ =
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Volume/Maximally swollen volume) to produce a set that ranges from a volume fraction of ~0
initially to 1 when fully solvated. This analysis highlights the similarity in the absorption curves
as can be seen in the plot of figure 3.
Table 5.1: Showing the swollen diameters of polystyrene microspheres in pure ethanol at different
length of time used for the plot in figure 5.3.
Swelling Hours
0
2
6
12
18
24

PS beads 50 nm
35 nm
48.5 nm
53.1 nm
58.6 nm
62.6 nm
65.1 nm

PS beads 100 nm
69 nm
106 nm
142 nm
168 nm
172 nm
175 nm

PS beads 200 nm
170 nm
240 nm
312 nm
350 nm
352 nm
365 nm

PS beads 500 nm
373 nm
423 nm
555 nm
650 nm
685 nm
747 nm

Swelling Profile in Ethanol
1.2

Volume Fraction

1
0.8
0.6
0.4
0.2
0
0

5

10

15

20

25

Swelling Time (Hours)

Figure 5.3: Plot of the swelling fraction (υ) for all sizes of microspheres versus swelling time. The
solid line is an exponential fit to the data. (50nm = squares, 100nm = triangles, 200nm = circles,
500nm = diamonds)
Below, table 5.2 lists the elastic moduli of these microspheres (soaked in 100% DI water
for 2 hours, and pure ethanol for 24 hours) as extracted by the method described in Chapter 4. As
expected, the elastic modulus of the polystyrene microspheres decreased significantly under
ethanol. Though polystyrene has low miscibility in water, it was found that the modulus still
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decreased by a factor of ~3 when compared with our previously measured modulus in air. Under
ethanol, however, the change is ~3 orders of magnitude. As is clear from figure 5.3, the ethanol
absorbed microspheres swelled as expected. As shown in table 5.2, they also became significantly
softer. Their elastic moduli range from ~ 2 - 3.55 GPa, which is a decrease by 3 orders of magnitude
as previously mentioned.
Table 5.2: Showing the elastic modulus E of different sizes of microspheres in single and
continuous mode under 100% DI water and pure ethanol.
Elastic
Modulus (in
Pa) →
Size (nm) ↓
50
100
200
500

100% DI Water
(single)
 ±σ (N)

100% DI Water
(continuous)
 ±σ (N)

Pure Ethanol
(single)
 ±σ (N)

Pure Ethanol
(continuous)
 ±σ (N)

(8.07±1.13)x108
(8)
(7.39±1.09)x108
(9)
(8.37±0.94)x108
(9)
(7.46±1.18)x108
(9)

(8.14±0.44)x108
(8)
(8.40±0.76)x108
(7)
(8.42±0.46)x108
(8)
(7.88±0.33)x108
(8)

(2.49±0.20)x106
(5)
(2.63±0.19)x106
(5)
(3.14±0.13)x106
(5)
(3.55±0.32)*x106
(5)

(3.11±0.94)x106
(2)
(2.90±0.16)x106
(2)
(3.16±0.15)x106
(2)
(3.47±0.39)*x106
(2)

Elastic moduli were measured also as a function of time during the swelling process. Table
5.3 shows the elastic moduli of the swollen PS beads as they absorbed an increasing number of
solvent molecules. These data were further expressed as a ratio of the volume of the polymer (the
unswollen volume) to the total volume of the polymer and the sorbate, the volume fraction, υ.
Table 5.4 shows the logarithmic values of volume fraction vs logarithmic values of elastic moduli
E. Data from this table were plotted both superimposed in figure 5.4 and separately in figure 5.5.
A least squares linear fit was applied to the data for all points prior to when swelling reached
saturation.
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Table 5.3: Showing the modified moduli of polystyrene microspheres in pure ethanol at different
length of time.
Swelling Hours
0
2
6
12
18
24

PS beads 100 nm
2.41x109 Pa
9.97x108 Pa
5.33x108 Pa
8.59x107 Pa
5.23x106 Pa
2.63x106 Pa

PS beads 200 nm
2.24x109 Pa
8.57 x108 Pa
4.95 x108 Pa
9.19 x107 Pa
8.23 x107 Pa
3.14 x106 Pa

PS beads 500 nm
2.5x109 Pa
1.38x109 Pa
5.77x108 Pa
2.87x108 Pa
8.88x107 Pa
3.55x106 Pa

Table 5.4: Showing the volume and elastic moduli of 100 nm, 200 nm and 500 nm beads.
100 nm
Log (φ)

Log (E)

200 nm
Log (φ)

Log (E)

500 nm
Log (φ)

Log (E)

0
-0.56
-0.94
-1.16
-1.19
-1.21

9.38
8.99
8.72
7.94
6.72
6.42

0
-0.45
-0.79
-0.94
-0.95
-0.99

9.35
8.93
8.69
7.96
7.91
6.50

0
-0.16
-0.52
-0.73
-0.80
-0.90

9.40
9.14
8.76
8.46
7.95
6.55

Combined Data for All Size Microspheres
10
9.5
9
8.5
8

Log (E)
y = -0.888x + 8.4427

7.5
7
6.5
6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

Log (Volume)

Figure 5.4: Log-log plot of the elastic modulus versus the volume for the combined data sets for
all sizes of microspheres. The solid line is a linear least squares fit to the data, excluding the final
time points at which the swelling had saturated.
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Figure 5.5: Log-log plot of the elastic modulus versus the volume for the individual sizes of
microspheres. The solid line is a linear least squares fit to the data, excluding the final time points
at which the swelling had saturated.
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5.5 Discussion
The effects of partial solvation of the polymer contained in polystyrene microspheres was
investigated for particle sizes well below 1 μm. How well bulk models describe material behaviors
is not known on this length scale. In particular, the iconic Flory-Rehner model for swelling and
elasticity previously had not been tested for such small volumes of polymers.
These experiments began with a study to determine the time required for the microspheres
to become ‘saturated’ with solvent molecules. We used the increased volume that results from the
absorption of solvent as our measure, allowing the absorption process to continue until an
equilibrium volume was reached for microspheres submerged in near 100% ethanol. Because
ethanol is not a good solvent for polystyrene, we were confident that the microspheres would not
completely dissolve at the room temperature of our experiments.
Figure 5.2 above shows AFM images of swollen polystyrene microspheres after 2 (left)
and 6 (right) hours in ethanol. The original diameter of this particular microsphere originally was
373 nm before absorption had begun. After 2 hours the diameter of the PS microsphere changed
from 373 nm to 423, and at 6 hours it was measured 555 nm. Table 5.1 above summarizes the
swelling data as a function of time. A gradual increase in the diameters was observed for the
swelling polystyrene microspheres. This absorption process was not linear, but rather exponential,
which is evident from figure 5.3, the graph of volume fraction versus solvation time. All sizes of
beads show the same pattern of swelling, and the rate constant calculated using equation 5.3, was
0.13.
𝑉𝑜𝑙 = 1 − 𝑒 − 𝑘 (𝑇𝑖𝑚𝑒)
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(5.3)

Table 5.3 above shows the elastic moduli of these polystyrene microspheres at their
respective swollen volumes in ethanol, collected during the swelling process. Absorption of
solvent and the resulting swelling increased the distance between the cross-link sites within the
gel. This increased distance made the gel ‘appear’ to be less highly cross-linked, and the elastic
modulus decreased as a result. Figure 5.4 shows a superimposed log-log plot of elastic modulus
versus volume for each of the size microspheres investigated: 100 nm, 200 nm, and 500 nm
nominal diameters. Figure 5.5 above shows the individual log-log plots for the elastic modulus
versus the volume for each of the size microspheres. The plots were done on a log-log scale to
highlight the power law being followed: the slope of these curves is the γ in
𝐸 ∝ 𝑣𝛾

(5.4)

Such an analysis was performed in order to compare our results with equation 5.2, the FloryRehner equation predicting the behavior of a polymer as a function of the swollen volume. The
plots are linear after the removal of points associated with an approximately constant maximally
swollen volume. The slope obtained for the combination of all data (100 nm, 200 nm, and 500 nm
diameter polystyrene microspheres) was 0.89, which possibly should have been -1. At the very
least, this power law was clearly in violation of the prediction made by Flory-Rehner for an ideal
polymer network as a function of the swelling volume. Flory-Rehner predicted a slope of (-1/3)
for such an ideal polymer network. Our results implied that the elastic modulus had a much
stronger dependence upon the volume. The effect of the increased distance between cross-links
would seem to have been enhanced over that predicted.
Hedden et al., reported a slope of -1.83, for Poly-diethylsiloxane (PDES) treated in toluene,
from the graph plotted for shear modulus and volume fraction [21]. Patel et al., obtained a slope
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of -1.78 and -3.08 for poly-dimethylsiloxane (PDMS) treated in toluene. They used Flory-Rehner
theory and further calculated volumes for affine network and phantom network [17]. The higher
magnitude of the slope in our results reflects the poor quality of ethanol as a solvent for the
polystyrene microspheres. The prediction made by Flory-Rehner considered a perfect polymer
network. The presence of greater amount of pendant material in imperfect networks makes them
ineffective in the trapping of entanglements. Flory-Rehner neglected this imperfection in their
prediction. A further modification of Flory-Rehner theory will be needed to explain the elasticity
and swelling of such imperfect networks.
5.6 Conclusion
The elastic modulus of these polystyrene microspheres was determined to be ~ 0.8 GPa
under 100% DI water for both single and continues mode for all sizes of microspheres. The bulk
macroscopic elastic modulus of polystyrene microspheres as reported in the previous section was
~ 2 – 5 GPa in air. This slight decrease in modulus was likely caused by the absorption of some
small amount of water into these microspheres. There was a significant decrease in elastic modulus
for these polystyrene microspheres when submerged in pure ethanol. The elastic modulus in pure
ethanol ranged from ~ 2.49 – 3.55 MPa. A pattern in the modulus values depending on the size of
these microspheres in pure ethanol was also observed, if the ethanol has not fully absorbed into
the microspheres. Microspheres that had swollen in ethanol had smaller moduli. Because the time
submerged approximately was constant across the differently sized microspheres at each time
point, the distance into the microsphere that the solvent had permeated should have had the same
dependence. Thus smaller microspheres saturate faster than the larger. DI water and pure ethanol
were used successfully to modify the moduli of these microspheres. Flory-Rehner theory was
tested with the elasticity and swollen volume of these polystyrene microspheres. The higher slope
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magnitude obtained did not match the prediction made by Flory-Rehner. These larger slope
magnitudes likely were caused by imperfections in the swollen network. Further modification in
the Flory-Rehner theory is needed to precisely predict the elasticity and swelling behavior of
polystyrene microspheres in ethanol. Future experiments are needed in which the dilution of
ethanol in water is varied with the goal of producing microspheres with varying but controllable
moduli.
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6.0 Adhesion and surface energy of polystyrene microspheres
6.1 Introduction
For macroscopic objects the interaction among objects largely depends on the force of
gravity and/or inertia, however when the dimension of these objects are reduced, intermolecular
forces become more significance. The surface area to volume ratio increases at the micro-nano
scale, and interfacial surface forces become dominant over inertial forces. The properties related
to adhesion, friction, and wear become critical in the mechanical performance of small scale
mechanical systems. In particular, adhesion forces and the deformation caused by the contacting
objects define the interaction. Thus the adhesion force and the surface energy between two solid
surfaces are of great interest in various scientific and industrial applications. A clear understanding
of and dependence upon these forces on different variables, are very important when the size of
the interacting particles is reduced to micro-nano scale. Examples range from developing
micro/nano-electromechanical systems (MEMS/NEMS) to understanding the aggregation and
dispersal of powders and colloidal dispersion, and the flow properties of granular materials [1-4].
In order to understand the interaction between the small particles, it is important to
understand the vertical and tangential forces acting between the two particles. When these particles
come into contact they are deformed, with this deformation being defined by their finite elasticity.
Several contact models have been developed and applied to the study of the mechanics of
interacting pairs of spherical particles and spherical particles with flat substrates. In general, the
contact between two spherical particles or a solid sphere with a flat surface is most commonly
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described by either the model developed by Johnson, Kendall, and Roberts (JKR model) or that of
Derjaguin, Muller, and Toporov (DMT model). Both of these models are based upon a Hertzian
analysis, which considered two elastic bodies in contact under an external load. The JKR model
assumes the effective steady state pressure in the contact circle as the superposition of the elastic
Hertzian pressure and with the attractive surface forces that act only over the contact area. The pull
off force then is given by,
3

FJKR = 2 πR𝑊12

(6.1)

In equation 6.1, W12 is the effective solid work of adhesion. R is the reduced radius of curvature
of the two surfaces and is given by,
R=

R1 R2
(R1 + R2 )

(6.2)

Alternatively, the DMT model also accounts for the non-contact forces in the vicinity of the contact
area. Within this framework, the pull off force is given by,
𝐹𝐷𝑀𝑇 = 2𝜋𝑅𝑊12

(6.3)

In this equation, again R and W12 are defined as in equation 6.1 above. Generically, the work of
adhesion is given by the Dupre equation:
𝑊12 = 𝛾1 + 𝛾2 − 𝛾12

(6.4)

where γ1 and γ2 are the surface free energies of the contacting materials (polystyrene and silicon
in our case) and γ12 is the interfacial energy between the two materials. However, the work of
adhesion is often approximated as
𝑊12 = 2√𝛾1 𝛾2.
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(6.5)

This approximation allows us to calculate the surface energy of our polystyrene microspheres from
the measured force of adhesion using either the JKR or DMT model, given the surface energy of
the silicon substrate.
Both models predict the separation force between the particles to be independent of their
elastic material properties; however, this force would be expected to be a linear function of the
particle size and the work of adhesion W12. For this reason, experimental measurements of
adhesion are often reported as a ratio of the force to the radius. Both the models have both strengths
and limitations. The JKR approach is more applicable to the large, soft bodies, with high surface
energy, whereas DMT approach works well with small, hard solid particles with low surface
energy [5, 6].
There are several experimental approaches to study adhesion forces and interfacial surface
energy, among which Atomic Force Microscopy (AFM) and the Surface Force Apparatus (SFA)
are most popular. An atomic force microscope is commonly used for the investigation of these
forces at the micro/nano scale and, especially, on individual particles. It is most convenient to use
an AFM to determine the adhesion force with high spatial resolution. Moreover, AFM is less
subject to contamination when compared with other apparatus to measure adhesion forces at the
micro/nano-scale. In AFM, the adhesion measurement is made through the analysis of force
displacement curves, performed by measuring the deflection of a cantilever as the tip approaches
and retracts from the sample surface. The cantilever both controls the vertical separation between
the samples of interest and measures the forces exerted during the process [2, 7].
There are many factors such as surface roughness, applied load, contact time, humidity,
and temperature, all of which can influence adhesion force. Many of these are well studied and
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reported in the literature. In this study we choose polystyrene microspheres of differing surface
functionalizations. The different funtionalizations are as-received polystyrene microspheres,
amine terminal group, and carboxylate terminal group, which provide different adhesion forces
and interfacial surface energies between the microspheres and the planar silicon substrate against
which they will be pressed.
The use of such microspheres with AFM is one variation within a class of experiments that
has become known as the colloidal probe technique. The colloidal probe technique is a wellestablished and powerful method for the investigation of surface forces; however, it is recognized
as being difficult to attach a single micro/nano sized particle on the AFM force sensor. We have
established a unique method by which we are able to reliably attach these microspheres on the
AFM force sensor. This technique has shown a very high success rate, with yields approaching
100%.
We have used our in-house prepared colloidal probes in force spectroscopy experiments.
To account for variations in adhesion resulting from atmospheric surface contamination and
capillary forces, these experiments were performed under deionized and polished water. To reduce
the effects of the loading force, the applied loads were optimized to avoid plastic deformation and
held constant between samples. Finally, because contact time is known to influence the measured
adhesive force, the contact time was kept approximately constant. This time was also kept as a
minimum to better model the situations expected during the future rolling experiments [2, 7-9].
All measurements were performed at room temperature, ~25°C.
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6.2 Adhesion force measurement
We investigated the adhesion force between the surfaces of polystyrene microspheres and
polished silicon surfaces. Polystyrene microspheres with different surface chemistries (regular,
amine, and carboxylate), and, thus, the expected surface charge and surface energy, were utilized.
From these experiments, the interfacial surface energy between the polystyrene microspheres and
the silicon substrate was measured. The results provide data for testing the various friction models.
Moreover, the results are of interest to the pharmaceutical industry and others reliant on an
understanding of granular flow. The adhesion force was measured under solvent conditions for
the polystyrene microspheres and the Si substrate. The solvent used in this measurement was pure
deionized and polished water.
A schematic force curve is shown in figure 6.1, below [10]. When the force curve or
particle indentation experiment is performed using an AFM, it starts with the tip (polystyrene
microsphere attached) and sample (planar substrate in our measurements) separated, which also is
known as the ‘non-touching’ regime. The tip then approaches the sample, which can be followed
in the figure below as the horizontal line moving from right to left. When the tip – sample
separation is small enough so that the attractive interaction is greater than the stiffness of the
cantilever, the transition from non-touching regime to touching regime occurs. The tip now jumps
into contact with the sample. Moving the cantilever base further into the sample reverses the
deflection of the cantilever, applying force to the sample at the tip-sample contact region. By
measuring this deflection and calibrating the spring constant of the cantilever, the applied force
can be determined. After the maximum desired force has been reached, the direction of motion of
the cantilever base is reversed. When retraction is done, moving left to right in the force curve
figure, adhesion causes the cantilever to remain at the sample surface. Eventually the curve
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approaches its lowest point along the force axis, at which point the cantilever force overcomes the
adhesive force. In the figure this adhesion is highlighted. Now the tip loses contact with the sample,
snaps back to the rest position, and is further withdrawn from the surface. This completes the force
– distance curve approach and retraction cycle. The force required to pull the tip free from the
sample is known as the adhesion force or pull-off force. This pull off force is calculated using
Hooke’s law:
𝐹 = 𝑘 ∆𝑥

(6.6)

where k is the spring constant and ∆x is the maximum deflection of the cantilever during tip-sample
adhesion. The precise measurement of the force depends upon the precise calibration of k, the
spring constant of the cantilever, and the accuracy of the measured deflection of the cantilever
during the pull off. The optical lever system employed in AFMs is capable of measuring the
deflection of the cantilever with precision at the sub-angstrom level.
The Hertz model applied in the analysis of the elastic modulus predicts zero adhesion, a
non-physical result [11]. Johnson, Kendall, & Roberts and Derjaguin developed theories to correct
for this error [12]. The Derjaguin approximation predicts that the pull off force between a sphere
and a flat surface would be, F = 2πRW12, where R is the radius of tip, W12 is the work of adhesion.
However, we elected to use the JKR model for our analysis. This model excludes sample
interactions outside of the contact region, which was expected to be more suitable for our
measurements performed submerged in a polar solvent. The JKR theory then suggests that the
pull off force would be,
𝐹=

3
2

𝜋 𝑅 𝑊12
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(6.7),

Figure 6.1: Schematic of AFM measurement of surface forces.
𝐹 = 𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑘
∆𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐷 − 𝑌̅

(6.8), and
(6.9)

where D is the maximum negative (toward substrate) deflection of the cantilever and 𝑌̅ is the rest
position of the cantilever just before the snap-in. 𝑌̅ is used instead of 0 to account for potential
drift in the sensor away from the 0 position and is found by averaging the last 10 deflection points
just before the snap-in. Combining equations 6.6, 6.7, 6.8, and 6.9, we get
𝑊12 =

2(𝐷− 𝑌̅ )∗𝑘
3𝜋𝑅

This is the equation used to calculate work of adhesion.
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(6.10)

6.3 Experimental procedure
6.3.1 Sample preparation
Sample preparation was similar to that described in chapter 4. It began with the rigorous
cleaning of the Si substrates. The silicon wafers were cleaved into 1 cm x 1 cm squares using a
diamond scribe, followed by plasma cleaning. Afterwards the silicon substrates were subjected to
solvent cleaning in an ultrasonic bath for 15 minutes each. Solvent cleaning was performed first
by acetone, followed by ethanol. To get rid of any hydrocarbon residue from the substrates, they
were further cleaned in DI water in the ultrasonic bath, and the substrate was dried by nitrogen.
This cleaning process was repeated. This multi-stage cleaning process removed any contaminants
from the surfaces, whether silicon chips from the cleaving process or organic deposits from air or
other solvents.
In this study we have used 200 nm sizes of commercially available polystyrene
microspheres of different surface functionalization. The polystyrene microspheres chosen for these
experiments are functionalized differently (regular, amine, and carboxylate). Commercially
available polystyrene microspheres typically are supplied with some small amount of detergent
such as sodium dodecyl sulfate, which would contaminate the surfaces of interest. For this reason,
the microspheres were rinsed triply in DI water. Briefly, as supplied suspended microsphere
solution was centrifuged at 10000 RPM for 5 minutes in a Fisher Scientific microfuge. The
supernatant was removed, and the pellet was resuspended in 100 μl of DI water. This process was
repeated three times, and the final suspension was diluted 1000 fold in DI water. One disadvantage
of rinsing was that the microspheres were difficult to resuspend as individual spheres – they
clumped. To get rid of this clumping, the sample tube was ultrasonicated for 30 minutes. The
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ultrasonic cleaner breaks these clumped microspheres into singlets, which was required for the
attachment of a single bead onto the AFM tip. Differently functionalized polystyrene microspheres
then were drop cast from the diluted solution onto 1 cm x 1 cm Si substrates as before.
a

b

Figure 6.2: (a) Shows the horizontal litho panel. (b) Shows the adjustable height selection on the
litho bead.

6.3.2 Atomic force microscopy
Spring constants (k) for each cantilever used were calibrated using the thermal method
before the attachment of the microsphere. These cantilevers were found to have k values of 43.72
N/m, 43.44 N/m, and 44.68 N/m for regular polystyrene microspheres, amine microspheres, and
carboxylate microspheres, respectively. It is important to perform the cantilever calibration prior
to the attachment of the particles because the added mass would alter the assumptions that inform
the calibration process.
Attaching the microspheres on the AFM tip was performed using the Litho function of the
MFP -3D AFM software. The process is as follows: A typical intermittent contact mode (AC
mode) scan is performed to locate a single microsphere. The AFM then is changed from AC to
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Figure 6.3: Showing a clean tip on the left and attached 500 nm Polystyrene bead on the right.

contact mode. Using the software, a path for the tip relative to the surface is defined. This path is
drawn such that the tip crosses over the location of the microsphere. The manufacturer supplied
software also allows for the adjustment of the z position (the height relative to the planar substrate)
of the tip. The path of the tip is defined in this dimension as well, gradually ramping the height so
that the tip just makes contact with the microsphere. This procedure is illustrated in figure 6.2.
The ramping of the tip height illustrated in this figure would be optimized so that the tip just makes
contact with the microsphere at the point where its lateral position crosses that of the microsphere.

Regular

Amine

Carboxylate

Figure 6.4: Showing SEM images of attached 200 nm Polystyrene beads attached on AFM tips.
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This whole process was developed to attach the microspheres successfully on the AFM tip. The
mounting of the bead on the AFM tip was further verified under the Scanning Electron Microscope
(SEM) before each adhesion experiment.
A Petri dish mounted to a glass microscope slide was used as a sample chamber. The Petri
dish was used to contain the fluid under which the experiments were to be performed, thereby
allowing larger quantities of bathing solution and reducing the effects of evaporation during the
experiments. Putty was used to mount our submerged sample in the liquid-containing Petri-dish.
Typically, double-sided sticky tape is used to mount samples for use in the microscope; however,
this tape likely would solubilize with time in our experiments and contaminate the sample surface.
The putty was tested to show that it does not degrade under the relevant solvents, and the surfaces
remain clean in its presence. This petri-dish was then mounted on a glass slide using a doublesided tape. This cantilever then was mounted onto the AFM and a regular force curve was
performed against a clean Si substrate. During the force curve, the approach and retraction of the
tip, the minimum vertical deflection of the cantilever represents the maximum adhesion of the
microsphere to the substrate. The blue line of the force trace in figure 6.1 is the retraction part of
the force curve. When this trace dips below zero that represents a force attracting the sphere to
the substrate surface. The most negative value in this trace represents the adhesion data of interest
and was extracted for use with equation 6.10 above, providing the interfacial surface energy. Such
experiments were performed for different surface functionalizations of the polystyrene
microspheres. The chosen functional groups also allow for future experiments in which crosslinking of other molecules to the microsphere surface is of importance.
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6.4 Results and discussion
The adhesion force between the tip mounted polystyrene microspheres of different surface
functinalizations and the silicon substrate was measured under DI water. From this data, the
surface energy was extracted.
Table 6.1: The measured adhesion force scaled by radius for 200 nm diameter polystyrene
microspheres of differing surface functionalization as measured under DI water.

Adhesion of individual
microspheres

Repeated
measurements on
individual microspheres
Average Fad/R
(repeated)
Average F/R
(combined)
Standard Deviation (all)

Adhesion force/microsphere radius (F/R; N/m)
F/100 nm
F/100 nm
F/100 nm
(As received)
(Amine)
(Carboxylate)
0.447
0.213
0.877
0.452
0.235
0.882
0.461
0.243
0.890
0.435
0.226
0.842
0.459
0.222
0.877
0.449
0.868
0.469
0.882
0.491
0.886
0.451
0.228
0.874
0.458

0.228

0.875

0.017

0.012

0.015

Table 6.1 above summarizes the data for the adhesion force scaled by the microsphere radius for
200 nm diameter polystyrene microspheres. The work of adhesion was calculated from the JKR
model, equation 6.1, for these microspheres, yielding in descending order 0.0929 ± 0.0016 J/m2
for the carboxylate microspheres, 0.0486 ± 0.0018 J/m2 for the ‘as received’ microspheres, and
0.0242 ± 0.0012 J/m2 for the amine microspheres. While the adhesive force is expected to depend
upon the size of the microspheres, the work of adhesion would be expected to be approximately
constant for a given surface functionalization.
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From these work of adhesion values, the surface energy of the polystyrene microspheres
can be calculated. The Dupre equation, equation 6.4 above, assumes the experiment is performed
in vacuum, and the surface energies would be those for the materials in vacuum. Because our
experiments were performed under water, a modification is required. Using the approximation for
the W12 given in equation 6.5, along with the surface energy of water, 𝛾w = 0.073 J/m2, and the
surface energy of the <100> face of silicon in vacuum, 𝛾si = 2.13 J/m2, from reference [13], we get
that the surface energy under water for our silicon substrate would be given by, √𝛾𝑠𝑖 𝛾𝑤 . Likewise,
the surface energy under water for the polystyrene microspheres would be given by√𝛾𝑚𝑠 𝛾𝑤 .
Combined we have,
𝑊12 = 2√𝛾𝑠𝑖 𝛾𝑤 √𝛾𝑚𝑠 𝛾𝑤 = 2√𝛾𝑠𝑖 𝛾𝑚𝑠 𝛾𝑤2
𝑊2

𝛾𝑚𝑠 = 4𝛾 12𝛾2 ,
𝑆𝑖 𝑤

(6.11) and,

(6.12)

which gives the surface energy of the polystyrene microspheres from our measured work of
adhesion. Using this analysis, we get that the surface energy for the carboxylate functionalized
microspheres was 0.190 J/m2, for the ‘as received’ polystyrene microspheres was 0.052 J/m2, and
for the amine functionalized microspheres was 0.013 J/m2. This result compares well with the
commonly cited surface energy of bulk polystyrene: 0.04 – 0.05 J/m2.
The choice of these three surface functionalizations provides us with a range that spans a
factor of ~4 in work of adhesion, but only ~0.7 in surface energy. Because the silicon substrate is
amenable to further chemical functionalization through silane chemistry, we hope to be able to
expand this range further in the future.

77

Other studies have been performed investigating the adhesion of polystyrene microspheres,
though not as a function of the surface functionalization.

Additionally, these previous

investigations were performed using significantly larger diameter spheres. Schaefer et al. [14]
found that the Fad/R was 0.5 N/m for 5 – 7 μm diameter microspheres in silicon under ambient
conditions. That their value was slightly higher than ours but is in surprisingly good agreement
when capillary forces are considered – such forces disappear when submerged in water, as was the
case in our experiments. Biggs and Spinks in 2012 [15] reported the F/R for polystyrene
microspheres on a mica substrate as measured under nitrogen. They found that this ratio was 0.7
N/m for this high energy surface substrate (higher than our silicon), though the values agree within
a factor of 2. Their data was collected as a function of loading rate and dwell time, showing no
dependence on the rate but an increased adhesion with time. Given that we limited our time in
contact with the substrate, our data should best compare with their shortest dwell time.
6.5 Conclusion
The adhesion forces between the tip and the polystyrene microspheres of different surface
chemistries were measured. From this data the work of adhesion and surface energy of differently
functionalized polystyrene microspheres was extracted. The range in work of adhesion and surface
energy was not as large as had been hoped, but could likely be expanded through surface chemistry
applied to the silicon substrate. The carboxylate (COOH) functionalized microspheres had the
largest interfacial surface energy whereas the amine functionalized microspheres had the lowest
interfacial energy. The ‘as received’ microspheres (not functionalized with any group) have an
interfacial surface energy somewhere between these two functionalized groups, and the data were
in agreement with previously reported findings. For the -COOH functionalized microspheres, the
work of adhesion was approximately four times that of amine functionalized beads. For the amine
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functionalized beads, work of adhesion was half that of the ‘as received’ (not functionalized with
any group) microspheres. Combined with the different sizes of polystyrene microspheres and their
measured elastic moduli under different solvent conditions as described in chapter 4 and 5, we
now have a set of data to apply to the models for the translational motion experiments using lateral
force microscopy on polystyrene microspheres of different sizes, moduli, and surface chemistry.
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7.0 Measurement of translational motion of polystyrene microspheres
7.1 Introduction
Particle technology and contact mechanics at the nano-scale find a multitude of
applications in widely ranging fields, including the semiconductor, food, cosmetic, and
pharmacological industries. Interestingly, properties of and interactions between nano-scale
particulates are also of interest to those investigating the extremely macroscopic behaviors that
result from these attributes, such as the coagulation of aerosols in the earth’s atmosphere and the
aggregation of particles in space that lead to planetary formation.

In another application,

understanding the relative motion of contacting objects will lead to better control over macroscopic
lubrication and adhesion. The ability to manipulate the strength of interactions and control the
relative motion of nano-scale objects are critical for micro/nano-scale electromechanical devices.
Once in contact, the characteristics of the individual particles and the features of the contacting
surfaces dominate the nature of the translational motion between the contacting particles [1, 2].
The rolling or sliding of an object under a lateral, shearing, load will largely define the energy loss
mechanisms and mechanical wear. Rolling and sliding behaviors are largely determined by
adhesion between the abutting surfaces and the deformation the results from their contact. It has
been proposed, for example, that rolling can largely be described by the deformation component
alone [3-5]. However, this conjecture seems unlikely, given that the deformation is, at least in
part, determined by the adhesive forces between the two adjacent surfaces.
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Macroscopically, we are all familiar with the idea that rolling tends to dominate over
sliding for spherical objects subjected to forces parallel to its smooth, planar supporting surface.
However, the same behavior is not a given as the size is reduced to the micro/nano scale; indeed,
it has been hypothesized that sliding will dominate for objects with length scales below a certain
threshold. So, what does happen if a sub-micron sized spherical particle is subjected to shearing
forces? Such a situation occurs when these particles are trapped between two planar surfaces
experiencing lateral tangential motion or when such a particle is caught in a shearing flow at a
planar surface, such as a viral capsid on the wall of a blood vessel. Will the particles tend to roll
or slide? Rolling of the particles potentially has substantial benefits. Introducing rolling objects
between contacting planar surfaces undergoing shear will reduce the friction significantly: the
rolling particulates reduce the shearing forces exerted on the planar surfaces, resulting greatly
reduced wear. In the biomedical application mentioned, the rolling virus capsid continually varies
the region contacting the endothelial surface, greatly increasing the likelihood of making the
ligand-receptor bond required to trigger entry past the cell membrane. These are just a couple of
examples highlighting the importance of maintaining the preference for rolling over sliding, even
as the linear dimension diminishes. An enormous effort has been expended in increasing our
understanding of the sliding motion at the micro/nano-scale, and substantial progress has resulted.
However, a comparable insight is still lacking for rolling motion. In particular, the difficulty
inherent in controlled mechanical manipulation of nano-scale objects has hampered experimental
progress in this area [6, 7].
Atomic Force Microscope (AFM) has become the tool of choice for investigating
translational motion at the sub-micron scale.

In addition to its strength for imaging and

topographical analysis, especially in non-vacuum environments, an AFM’s real power becomes
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apparent when it is used as a nano-manipulator. The tip of an AFM has capability to precisely
control and assemble the nano-scale objects and structure, and it has been so used for applications
such as assembling high capacity memories, micro/nano-size robots, DNA computers, and
quantum devices [8-10]. By controlling the motion of a sharp tip above a sample surface with subnanometer precision, several approaches to the fabrication of structures have been achieved [11,
12].

For example, Guthold et al. modified a scanning probe microscope to quantitatively

manipulate DNA and viruses in liquid environments [13, 14].
The experiments detailed in chapters 4, 5, and 6 regarding the control over the elastic
modulus and interfacial surface energy of a range of sizes of polystyrene microspheres (all under
1 μm) equips us with the information needed to understand the underlying determinants of the
translational mode of objects on the nano-scale. We now have attempted to use the lateral force
microscopy (LFM) implementation of AFM to probe the translational mode of these polystyrene
microspheres.
7.2 Lateral force microscopy (LFM)
7.2.1 Introduction
Atomic force microscopy (AFM) measurements were carried out to explore the mechanical
properties of the sample either by moving the AFM probe in a direction that was either normal to
or parallel to the planar substrate surface of our the sample.

Previously, we performed

measurements in the normal direction to extract topographical information, work of adhesion
between the polymeric microspheres and the silicon substrate, and the elastic modulus or of the
polymeric microspheres under various solvents. This work was described in the earlier chapters
of this dissertation. Herein we detail our attempts to experimentally characterize the more complex
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nature of motion in the lateral direction. These experiments seek to extract tribological information
regarding the polystyrene microspheres and the silicon substrate.
The experimental collection of nano-scale tribological data is plagued by difficulties that
arise from the method by which such experiments are often performed. Three major factors are:
first, most lateral force microscopy measurements are performed under ambient conditions. Such
experiments potentially suffer from surface adsorbates from the environment, plus changes in the
relative humidity, which have a significant impact on the measured contact forces. To help avoid
these issues, one might perform the experiments under vacuum. Unfortunately, this approach was
not available to us either from an instrumentation perspective or from a technical design
perspective – we need a bathing solvent in order to vary the elastic moduli of our samples.
However, the bathing solvent has the added benefit of controlling the environment under which
our experiments were performed, removing or reducing such issues as surface contaminants
adsorbing from the atmosphere and capillary condensation resulting from humidity. Secondly,
during the lateral scan the tip shape and contact area between the sample and tip, potentially
change, making it difficult to reproduce the data even with the same AFM tip. We partially address
this concern through the use of polished silicon wafer as our substrate – the highly planar surface
(roughness below our noise floor of ~0.3nm) reduces the inconsistent contact between the tip and
the substrate that results from less smooth surfaces. Thirdly, the incorrect analysis and calibration
may affect the reproducibility of the experimental data even if the same instrument has been used.
We carefully calibrate each tip’s normal spring constant, which is related to the torsional spring
constant through the material and geometric properties of the cantilever beam (see below). The
largest variances would be expected in the thickness of the beam and the length of the protruding
tip. The thickness of the beam is accounted for during the normal spring constant calibration
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described earlier, and the length of the tip is characterized by SEM micrographs. Through such
careful tracking of the force sensor in the lateral force microscopy experiments, the accuracy of
the data is heightened. Moreover, because the interacting forces can be difficult to calculate [15],
we have fully characterized the mechanical properties and surface energies for the samples to be
used in our experiments. Through these efforts, we seek to reduce the difficulties that have been
an issue in previous studies [16].
7.2.2 LFM methods and techniques
The force required to translate a nano-scale object across a surface is measured by the
torsion of the cantilever during the process. The torsional spring constant was found through beam
mechanics from the normal spring constant:
𝐺

𝐿

2

𝑘𝑡𝑜𝑟 = 1.33 𝐸 (𝑙 ) 𝑘𝑛
𝑡𝑖𝑝

(7.1)

where G and E are the shear and elastic moduli of silicon (the material from which the cantilever
is etched, L is the length of the cantilever, ltip is the length of the tip, and ktor and kn are the torsion
and normal spring constants, respectively. The length of the cantilever is supplied by the
manufacturer and typically has a very small tolerance. The length of the tip, though also specified
by the manufacturer, often has larger variation and will be measured in the Scanning Electron
Microscope (SEM). Once calibrated, the force creating the torsion of the cantilever is found by
multiplying the lateral deflection by the torsion spring constant.
In a typical friction measurement, the tip starts from a stationary position in contact with
the substrate. The cantilever is moved laterally toward the object of interest through some
predetermined distance.
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Lateral Force
Cantilever Base Position (Distance)
Figure 7.1: Showing the schematic of contact forces in lateral force microscopy.
The path is chosen such that the direction of motion is perpendicular to the long axis of the
cantilever, thereby producing maximal torsional deflections of this beam and a maximal signal for
measurement. Because the tip has adhered to the substrate, as the motion begins the cantilever
moves before the end of the tip. The cantilever twists increasingly until the force generated on the
tip is large enough to overcome the adhesion, and the tip starts sliding. When the tip makes initial
contact with the object under investigation, it either becomes stationary or slows its motion. The
cantilever continues to move laterally, increasing its torsion and the lateral force applied by the tip
to the object. Once the lateral force is large enough to displace the object, the object begins to
translate with the tip. The force required for this translation includes the friction force between
the tip and the substrate, between the sample object and the substrate, and (potentially, if there is
rolling) between the tip and the sample object. Measurements of the friction between the object
and the substrate thus require knowledge of the friction between the tip and the substrate, to be
subtracted out as a background, and the mode of translation – rolling or sliding. If the object is
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rolling, then the tip surface and that of the substrate must be accounted for. The easiest way to do
this is to make both surfaces match. For this reason we have used silicon cantilevers/tips as well
as silicon substrates.

L
a
t
e

First
Second

Figure 7.2: Left: Sample force traces (plot of lateral force versus distance moved by the AFM tip)
for the first and second time a capsid is translated. The arrow indicates the increase in the lateral
force that occurs as the tip contacts the virus (shown schematically along the Distance axis. Right:
Fourier spectra of second trace shown on the left and a trace taken while translating a 100 nm
polystyrene microsphere (curve lying near the horizontal axis). The labeled peaks correspond to
the distance between facets and the capsid circumference, illustrated schematically in the inset.
Further enhance data from reference 14.
Knowledge of the mode of translation is a unique aspect of this work. In previous work
investigating the translation of icosahedral virus capsids (adenovirus), it was observed that Fourier
transforms of the lateral force data trace (see Figure 7.2 above) highlighted periodic features within
the trace, and these features could be ascribed spatially to dislodging facets of the icosahedron as
the tip rolled the virus [14]. When spherical control objects were translated in a similar manner,
the periodic features disappeared. Thus the Fourier analysis of the lateral force data trace offers a
powerful means to discover the modes of translocation between rolling and sliding. In the present
study, Fourier analysis was used to investigate the translocation mode of polystyrene
microspheres. However, because our samples are spherical, an asymmetry must be introduced.
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Attempts were made to create the asymmetry by performing normal force curves on the
microspheres, applying as large a force as we could generate without breaking the tip in an effort
to exceed the plastic limit. An indentation would have been left in the surface of the sphere,
providing us the asymmetry needed to produce periodic features for detection by Fourier analysis.
If such features are not apparent, it is likely that the sample is sliding.
7.3 Experimental procedure
Polystyrene microspheres of two surface energies (surface functionalized with either amine
or carboxylate groups) and two different sizes (200 and 500 nm) were deposited on a cleaned Si
substrate following the same method explained above in chapters 4 and 5. The amine and
carboxylate functionalized microspheres were selected to probe the extremes in surface energies
we can access in the absence of further surface chemical modifications. A topographical image
was collected and saved by performing a typical intermittent contact scan of the sample. This
image was used to locate the particles precisely. The AFM was changed to contact mode, and a
force curve with a very high force limit was performed on a selected microsphere. This force curve
was intended to leave a plastic deformation, a permanent indentation, on the surface of the
microsphere, providing the asymmetry required for the discrimination between rolling and sliding
translation when lateral forces were applied (see section 2.4). The AFM operating software then
was optimized for lateral force microscopy. The AFM probe tip was brought into repulsive contact
with the substrate with a defined deflection of the beam being used for feedback. A path was
software defined, directing the tip to pass through the location of the microsphere. Once activated,
the sample was moved laterally toward the tip at a constant velocity along the trace. The piezo
controlling the horizontal position of the sample was used to first move the tip into contact with a
microsphere, then past this position. During this process, an initial lateral force was applied to
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slide the tip across the surface. After contact with the microsphere, the lateral force increased until
the sphere broke free from the substrate and began translating across the surface. During this
process, the lateral force was recorded as torsional deflection of the cantilever. Both, bending and
twisting are recorded by means of movement of the reflected the laser beam from the back side of
the cantilever. Only one sensor, a four-quadrant position sensitive photodiode, is required to
measure the deflection and torsion of the cantilever. Normal bending is measured by subtracting
the lower two quadrants of the diode from the upper two quadrants, i.e. (A+B) – (C+D), whereas
subtracting the right pair of diode quadrants from the left pair gives the torsional measurement
(A+C) – (B+D). This measurement was performed on both amine and carboxylate functionalized
microspheres, both in air and liquid (DI water only) using different AFM probes varying in spring
constants. AFM probes of spring constants 4.5 N/m, 14 N/m, and 45 N/m were selected. This
provided a range in stiffness for the beam from softer to stiffer. The temporarily saved lateral force
data were finally exported for analysis.
The lateral force data was then analyzed to determine the mode of translation. A Fourier
transform of the lateral force data was used to distinguish between the modes of translation for
these polystyrene microspheres. Periodic features in the Fourier spectrum served as a signature
for the microsphere rolling while translating; the absence of periodic features served to indicate
sliding. Comparison of the force required for translation predicted by the models, using the data
from sections 4.5, 5.4, and 6.4 with data from this section, will allow us to assess the state of the
current models for nanoscale friction.
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7.4 Results and discussion
As mentioned in chapter 1 of this dissertation, particle size, elastic modulus, and the
interfacial surface energy were expected to have an impact on the translation force for the
polystyrene microspheres along the substrate. We applied the data reported in chapter 4, 5, and 6
to equations 1.1 and 1.6 to predict the sliding and rolling forces on a 200 nm polystyrene
microsphere. We calculated rolling and sliding forces in DI water for 200 nm size polystyrene
microsphere of all functionalizations.
Using equation 1.6 from reference [2], we found the predicted rolling force from
𝐹𝑅 = 6𝜋𝛾𝜉

(7.2)

where γ is the interfacial surface energy and ξ is the critical displacement required for rolling to be
initiated. ξ is given by
𝜉=

𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡
12

(

𝐺1 − 𝐺2
𝛾

)

(7.3)

where acontact is the JKR radius of the contact area and G1 and G2 are the shear moduli of the
microsphere and the substrate. True rolling motion,
𝜉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =

𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡
12

∆𝛾

(𝛾)

(7.4)

Krijt et al. compared their work with Sitti et al. [4], they used

∆𝛾
𝛾

Hence equation 7.4 becomes,
𝜉𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =

𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡
4

The contact radius is given by JKR model,
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(7.5)

= 3,

9 𝜋 𝛾 𝑅2

𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = (

2 𝐸∗

1/3

)

(7.6)

In equation 7.6, R is the radius of the translating particle and
1
𝐸∗

=

1− 𝜈12
𝐸1

−

1− 𝜈22
𝐸2

(7.7)

Where 𝜈 is the Poisson ratio, which we take to be 𝜈 = 0.3. Equation 7.7 becomes,
𝐸∗ =

10 (𝐸1 ∗ 𝐸2 )
(𝐸1 + 𝐸2 )

----- (7.8)

E1 and E2 are the elastic moduli of the translating particle and the substrate, respectively.
From table 5.2, the elastic modulus E1 of the 200 nm PS microsphere in DI water was 0.837
GPa. And the elastic modulus E2 of the Si substrate was 165 GPa [17]. Solving for E* in equation
7.8, we get E*, which was 8.32 GPa (dominated by that of the microsphere – the silicon substrate
was essentially infinitely stiff in comparison). The contact radii for ‘as received’ microspheres,
amine and carboxylate functionalized microspheres were calculated from equation 7.6, and were
found to be 9.59 nm, 6.04 nm, and 14.77 nm. Using the surface energy values from section 6.3 (γ
of 200 nm diameter PS ‘as received’ microspheres = 0.052 J/m2, γ of 200 nm PS amine
functionalized microspheres = 0.013 J/m2, and γ of 200 nm carboxylate functionalized
microspheres = 0.190 J/m2) we solved for the rolling forces. The rolling forces calculated for the
200 nm diameter microspheres as received, amine functionalized, and carboxylate functionalized
were 2.35 nN, 0.37 nN, and 13.21 nN, respectively.
We now use equation 1.1 and the data from chapters 4, 5, and 6 to solve for sliding forces
for 200 nm size PS microspheres functionalized differently.
𝐹𝑠𝑙𝑖𝑑𝑒 = 𝜏 𝐴
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(7.9)

where τ is the interfacial shear strength and
A = π acontact2

(7.10)

Results from the literature using the surface force apparatus (SFA) experiments
demonstrated that the shear strength is scale dependent. At some point τ must decrease as the
contact size increases from the nano to the micro scale. This equation establishes the frictional
stress as a function of contact area, though there is no experimental evidence to date [18].
Sitti et al. proposed a model for a wide range of particle radii. From the results, they defined τ,
which

is

a

function

of

𝐺/43,
𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡 < 20 𝑛𝑚
𝑁
𝑀
𝜏 (𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ) = {𝐺 10 (𝑎/𝑏) , 20 𝑛𝑚 < 𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡 < 40 𝜇𝑚}
𝐺/1290,
𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡 > 40 𝜇𝑚

acontact,

as

(7.11)

In equation 7.11, N is 28b and b = 0.5 nm, b is known as Burgers vector and M = tan-1[(G/43 –
G/1290) / (8*104b – 28b)]. Where G = 2G1G2 / (G1+G2) is the effective shear modulus given in
terms of shear moduli (G1, G2). For a particle and a substrate G is defined as Gi = Ei / [2(1 + νi)],
in which E is the Young’s modulus and ν is the Poisson ratio. In equation 7.10, acontact is the contact
radius, which is the same as in equation 7.6. The values for all differently functionalized
polystyrene microspheres were the same as reported above, and all of these acontact values were less
than 20 nm. Hence, the value used for τ was G/43 (from equation 7.11). Gi is calculated for the
PS microsphere as mentioned above and G2 for the substrate is 165 GPa [19]. Combining 7.9, 7.10,
and 7.11, we get,
𝐹𝑠 =

𝐺
43

2
𝜋 𝑎𝑐𝑜𝑛𝑡𝑎𝑐𝑡
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(7.12).

Inserting the appropriate values into equation 7.12, the sliding forces for 200 nm PS
microspheres for as received, amine, and carboxylate functionalized are 11.14 nN, 4.42 nN, and
26.44 nN respectively. The outcomes predicted by the models for our 200 nm microspheres
translating in water are summarized in Table 7.1. For this set of 200 nm microspheres under water,
rolling is always preferred to sliding. While experiments on these microspheres are not likely to
lead us to find the conditions under which the microspheres transition to sliding, they will provide
useful information regarding our ability to observe rolling.
In general, both sliding and rolling forces will be higher for higher surface energies. A
larger force will be required to translate a particle that has higher surface energy. Considering the
models, we expect that, as the particle size decreases, the microspheres eventually will tend to
slide rather than roll. Higher values of interfacial energy will tend to cause the microspheres to
roll rather than slide. Elastic modulus also will have an impact on the translation forces. Particles
with larger elastic moduli will be more likely to roll than slide, and we expect the modified
modulus of polystyrene microspheres will be better suited to the search for a transition from rolling
to sliding when compared to the microspheres not softened by any solvent.
Table 7.1: Summary of the translation force for rolling and sliding as predicted by the appropriate
model.
Predicted Force (nN)
Surface
Surface Energy Contact Radius
Functionalization
(J/m2)
(nm)
Amine
As Received
Carboxylate

0.013
0.052
0.190

6.0
9.6
14.8
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Rolling

Sliding

0.37
2.35
13.21

4.42
11.14
26.44

Figure 7.3 below shows the translation of the 500 nm carboxylate functionalized polystyrene
microsphere in air.

Figure 7.3: AFM images of 500 nm COOH polystyrene beads (before: on the left, and after: on
the right, the translation in air using a 4.5 N/m AFM tip in air.

Figure 7.4: AFM images of 200 nm amine polystyrene beads (before: on the left, and after: on the
right, the translation in air using a 14 N/m tip in air.
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Figure 7.5: Graph on the left shows Lateral Force vs Distance graph of 500 nm COOH PS beads
with a 45 N/m AFM tip in DI water. Graph on the right shows Fourier Transform of the lateral
force data from the left graph.

Figure 7.6: Shows the SEM image of an AFM tip. The ltip in equation 7.1 is measured from this
figure
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Equation 7.1 was used to calculate the torsional spring constant ktor. In equation 7.1, G and
E are the shear and elastic moduli for Si. We use G and E for Si as 79.92 GPa and 130.91 GPa
respectively [20]. L is the length of the cantilever, and we used the nominal values reported from
the manufacturer: 230 μm for the 46.5 N/m normal spring constant cantilever and 90 μm for the
14.75 N/m normal spring constant cantilever. ltip values for the two tips were measured from the
SEM images as 19.81 μm for the 46.5 N/m normal spring constant cantilever and 19.37 μm for the
14.75 N/m normal spring constant cantilever. These values gave ktor values for the two AFM tips
with different lengths were found to be 5094.63 N/m and 258.55 N/m – substantially more stiff
than their normal spring constants.
Figure 7.3 and 7.4 show the translated PS microspheres of 500 nm COOH and 200 nm
amine functionalized microspheres in air. From figure 7.3 and 7.4 above, it is evident that these
polystyrene microspheres (500 nm COOH, and 200 amine) were translated from one point to
another under the lateral force applied by the tip in air. A similar translation was also achieved in
liquid. However, when the Fourier transform of the lateral force data was performed as in Figure
7.5, no periodic features were observed. Fourier transforms performed on all the lateral force data
were similarly lacking in periodic features. This absence of periodic features, as mentioned in
section 7.2.2, implies that these polystyrene microspheres were sliding. This observation held true
both under air and liquid environments and for the different spring constant cantilevers used.
However, it was more likely that we were unable to permanently deform the microspheres during
the hard indentation intended to create a plastic deformation. No such modification of their shape
was observed. Thus, there likely was no asymmetry to detect by way of the Fourier transforms.
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7.5 Conclusion
Using the data from chapters 4, 5, and 6, and using the rolling and sliding models as detailed
in section 1.2.3, rolling and sliding forces were predicted for 200 nm diameter microspheres with
three different surface functionalizations: as received, amine, and carboxylate. These calculations
assumed that the experiments would be performed under DI water. The sliding and rolling forces
predicted were dependent upon both surface energy and elastic moduli, as well as the size of the
microspheres.
Lateral force microscopy was performed on 200 nm and 500 nm diameter polystyrene
microspheres with amine and carboxylate surface functionalizations. AFM cantilevers of different
stiffness ranging from 4.5 N/m to 45 N/m were tested. The lateral force microscopy was performed
both in air as well as in DI water. Topographical imaging of pre- and post- lateral force
experiments confirmed the translation of these polystyrene microspheres from one given location
to another. However, Fourier analysis of the lateral force data did not show any periodic feature
for any trial. It is possible all these microspheres are sliding, and no rolling feature occurred during
lateral motion. However, due to the sensitivity of lateral force data and dependency on many
factors, it was difficult to claim only sliding occurred. This creates room for further optimization
of conditions under which the experiments should be performed.
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8.0 Conclusion and future work
8.1 Summary
The scanning probe microscope has become a powerful tool for applications within
micro/nano-scopic science because of its straightforward three-dimensional measurements,
including precise nano-scale positioning of a mechanical probe, which can be extended to a wide
variety of samples under different conditions. Using the atomic force microscope, we applied
force spectroscopy, nano-indentation, and lateral force microscopy (LFM) to the study of the
mechanical properties, friction, and adhesion of sub-micron diameter polymeric microspheres.
To the best of our knowledge we are the first group to report the elastic modulus of
polystyrene microspheres as experimentally measured at the micro/nano-scale, especially under
solvent conditions. The work was carried out using an Atomic Force Microscope, performing force
spectroscopy on four different sizes of polystyrene microspheres (ranging from 500 nm to 50 nm)
deposited on a Si substrate. The obtained data from force spectroscopy was analyzed using the
Hertz model, and the measured modulus values ranged between 1.94 – 2.53 GPa under ambient
conditions. This result is comparable to the reported bulk modulus of the polystyrene [1]. The
elastic moduli were obtained in two different types of data sets: one that was a repeated measure
on a single microsphere and one that was comprised of separate measurements on different
individual microspheres. These data sets were compared using Student’s unpaired t tests. It was
found that that elastic moduli obtained were the same, regardless of whether taken from repeated
measures on a single microsphere or aggregated measures from multiple microspheres. Moreover,
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the modulus had no dependence upon diameter. These results demonstrate both accuracy and
precision for the technique. That the measured modulus of the nano-scale materials matched that
of the bulk suggests that, at the smallest length scale we tested (50nm), the bulk behavior still
holds. It also suggests that the influence of the more rigid substrate does not yet influence the
measurements at this scale.
The mechanical properties of the polystyrene microspheres were modified using solvents.
We used DI water and ethanol and their mixture as solvents, and the differing miscibility of
polystyrene in these solvents differentially swelled the microspheres. The elastic modulus of these
polystyrene microspheres was determined to be ~ 0.8 GPa under 100% DI water for both repeated
and population averaged measures of all sizes of microspheres. This slight decrease in the modulus
was likely caused by the absorption of some small amount of water into these microspheres. There
was a much more significant decrease in elastic modulus for these polystyrene microspheres when
submerged in pure ethanol. The elastic modulus in pure ethanol ranged from ~ 2.49 – 3.55 MPa:
a change of almost three orders of magnitude as compared to the modulus in water. A pattern in
the modulus values depending on the swollen size of these microspheres in pure ethanol also was
observed, if the ethanol has not fully absorbed into the microspheres. Larger sized microspheres
had larger moduli. Because the time submerged approximately was constant, the fraction of the
microsphere that had absorbed the solvent would have the same dependence. Flory-Rehner theory
predicting the elasticity from the swollen volume of these polystyrene microspheres was tested.
The higher slope obtained did not match the prediction value of the Flory-Rehner theory. The
higher value of slopes likely were caused by imperfections in the swollen network. Further
modification in the Flory-Rehner theory will be needed to precisely predict the elasticity and
swelling behavior of polystyrene microspheres in ethanol. Future experiments are needed in which
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the dilution of ethanol in water is varied with the goal of producing microspheres with varying but
controllable moduli [2, 3].
A technique that uses lateral force microscopy to attach polystyrene microspheres on to the
AFM cantilever was developed. Using tip prepared with this technique, force spectroscopy was
performed.

The adhesion forces between polystyrene microspheres of different surface

functionalizations and a silicon substrate was measured. Using JKR theory, the surface energy for
these microspheres was extracted. The carboxylate (COOH) functionalized microspheres had the
largest interfacial surface energy, whereas the amine functionalized microspheres had the lowest
interfacial energy. The regular types (not functionalized with any group) had an interfacial surface
energy somewhere between these two functionalized microsphere types. The interfacial surface
energy for the unfunctionalized polystyrene microspheres is in complete agreement with the
previously published data from bulk measurements (Sumer et al [4]).

For the COOH

functionalized microspheres, the surface energy is about four times that of amine functionalized
beads. For the amine functionalized beads interfacial energy is half that of regular (not
functionalized with any group) microspheres.
Data from chapters 4, 5, and 6 were used with the rolling and sliding models described in
section 1.2.3. The sliding and rolling forces predicted were higher for higher surface energy PS
microspheres. We used Lateral Force Microscopy (LFM) to investigate the translation motion of
these micro/nano-micorspheres. LFM was performed on 200 nm and 500 nm diameter polystyrene
microspheres which were amine and carboxylate functionalized. AFM cantilevers of different
stiffness ranging from 4.5 N/m to 45 N/m were tested. The lateral force microscopy was performed
in air as well as in DI water. Pre- and post- lateral force spectroscopy topographical imaging
confirmed the translation of these polystyrene microspheres from one given point to another.
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However, Fourier analysis of the lateral force data failed to show any periodic feature for any of
these polystyrene microspheres. It is possible all these microspheres are sliding, and no rolling
feature occurred during lateral motion. However due to the sensitivity of lateral force data and
dependency on many factors, it’s difficult to claim only sliding is present [5, 6].
The nano-tribological characterization presented in this study likely will be used to
understand and control the frictional behavior of micro/nano-size particles for prototypes particle
based micro/nano devices and fabrication templates, particle based lubrication, aerosol, and
particle removal applications. The study outcomes will help understand the different interaction
forces such as electrostatic, van der Waals interactions etc. and how they affect the interfacial
energy between a micro/nano-sphere and a flat surface. One suitable application of the findings
from this study would be in the cleaning of semiconductor wafers. Unwanted particulates on a
semiconductor wafer can cause circuit defects which yields loss in the final product. Chemical
mechanical polishing (CMP) is used to planarize the wafer surface, but it leaves residue on the
wafer and, again, may cause circuit failure. Post CMP cleaning is expensive and causes critical
environmental issues. Using AFM as nano-manipulator and understanding the particle adhesion of
these particles on the wafer can help achieve defect free semiconductor wafer post fabrication by
removing unwanted particles efficiently and economically.
8.2 Future work
8.2.1 Tuning the modulus between the extremes
We tuned the mechanics of the polystyrene microspheres using DI water and ethanol.
Tuning the mechanics using mixtures of DI water and ethanol in different ratios refine our control
over the elastic moduli. Performing translation experiments on microspheres as a function of
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modulus would provide much needed validation testing of the various models for rolling and
sliding friction.
8.2.2 Adhesion and surface energy
Future work will be required to extend the range in works of adhesion to which we have
access. Performing adhesion experiments on all sizes (50, 100, 200, and 500 nm) and all types
(regular, amine, and carboxylate functionalized) of microspheres would confirm our belief that the
surface energy does not vary with size. Surface chemical modification of the silicon substrate
through silane chemistry will broaden the range in works of adhesion. These outcomes will
provide a larger set of conditions under which we will employ our lateral force experiments. Data
from these experiments will again be applied to test the current theories for rolling and sliding
friction.
8.2.3 Modify translational motion methods and techniques
A modified lateral force microscopy method and data analysis will be helpful to obtain
precise and full-proof data. An alternate method of indenting the translating particles is a potential
approach. A more straightforward approach would be to use our technique for the attachment of
microspheres to the tip of the AFM force sensor. Lateral force experiments with such a tip would
guarantee sliding. The forces measured under these conditions could be compared with that
measured when using the tip to apply lateral forces to translate the microspheres across the surface.
8.2.4 Particle size
Using our experimental data with Sumer et al and Krijt et al.’s predictions, we noticed (not
reported in this dissertation) a transition in translation mode dependent upon size of the
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microsphere [4, 7]. The transition from rolling to sliding was predicted to occur at ~ 25 nm particle
size. Polystyrene microspheres of 25 nm in diameter are needed to further verify that result.
Currently, the manufacturers of PS microspheres do not supply microspheres at that length scale.
8.2.5 Alternate material
Using silicon as the substrate and polystyrene as the translating material, we were able to
vary all the parameters needed to investigate translational motion at the micro/nano-scale.
However, it will be of interest to find alternate substrates and particles which may further simplify
the outcomes. For example, if a faceted material is used instead of the polystyrene microspheres
for the translating particles, the facets would provide the necessary periodic variation in the lateral
force for Fourier analysis to confirm rolling.
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Appendix A: Industrial practicum report
High frequency reciprocating rig (HFRR) lubricity studies of different aviation fuels using a
universal materials tester
A.1 Introduction
Lubricity is an important property of diesel fuels. In the last few years the advancement in
diesel engine technology, environmental concerns, and the more stringent emission standards have
led to increase the lubricity of diesel fuels in order to protect the fuel injection system and various
other components of the engine. To comply with the emission standards, the modifications in the
engine designs are made to control the fuel injection and fuel injection pressure. The change in
hardware requires improved lubricity to avoid excessive wear and failure. Sulfur, nitrogen, and
aromatic contents and a higher boiling point of a diesel fuel help to improve the lubricity
conditions. Highly polar compounds specially those containing nitrogen and oxygen, form a
protective layer on the metal surface. Oxygen containing compounds and its derivatives are a good
friction reducing agents. These compounds adsorb or react on the contact surfaces to reduce
adhesion between the surfaces and limit the friction, wear and seizure. The modification of the
diesel fuel quality to address environmental concerns results in to the loss of polar compounds of
nitrogen, sulfur and oxygen and hence the loss of lubricity of the diesel fuels which eventually
affects the engine performance and ends up into engine failures and accidents [1].
JP-8 (Jet Propellant – 8) is a widely used aircraft fuel. JP-8 also is a US Department of
Defense (DoD) aviation fuel also used by NATO members. However the lower lubricity of JP-8
compared to the distillate fuel has been identified as a major concern for universally adapting this
military kerosene for various applications [2]. This could be due to a lower boiling point and
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absence of naturally occurring polar compounds that enhance the lubricity. Several issues that arise
using a low lubricity fuel are accelerated wear, corrosion, engine speed instability, engine smoke
and low engine power [3]. Alternative fuels such as Biodiesel can be used which have better
lubricity, although it has drawbacks such as high quality raw materials needed like large amount
of alcohol that increase the production cost. The presence of water may also lead to soap formation
in the base catalysis [4]. Many alternative fuels are being used in every type of transport but not
all of them are suitable for application in air. Kerosene-like drop-in alternative fuels have received
a lot of attention recently for use in aircraft engines. Such alternative fuels available can be
categorized mainly in three categories, trans-esterification, Fisher-Tropsch (FT), and hydrotreating
[5]. Several DoD and DOE (Department of Energy) performance tests on these fuels have
determined that these fuels are viable to use by the military. Highly iso-paraffinic kerosene (IPK)
FT fuel is an attractive candidate for ‘Joint Battlespace Use Fuel of the Future’ (JBUFF) [6].
During the low temperature (210-240 oC) FT synthesis the primary product that come out are long
chain n-alkanes (wax). Further processing of n-alkanes into branched alkanes and substitution by
mono and di-methyl and separation into the desired distillation range produces iso-paraffinic
kerosene (IPK) [7]. Hydrotreated Renewable Jet (HRJ) also known as bio-Synthetic Paraffinic
Kerosene (SPK) is another alternative fuel which has attracted a lot of research recently. HRJ uses
triglycerides and free fatty acids from plant oils and animal fats as feedstock to process
hydrocarbon aviation fuel. The near term application of FT IPK and HRJ are in 50/50 blend with
conventional jet fuel JP-8. Various other tests are in progress to establish the application of these
fuels as lubricants in jet engines [8].
One approach to enhance fuel lubricity is include additive. A variety of additives can be
used which have high affinity to attach onto the metallic surfaces. They form a thin protective
109

layer between the metal and the metal contact layer. The adsorption of the polar molecules of the
additives on the negatively charged metal surface forms the lubricant film [9]. Several studies have
investigated the effect of additives on the lubricity of the diesel fuels. Anastopoulos et al. reported
the improved lubricity of JP-8 fuel to the satisfactory level when they tested ten types of monocarboxylic acid esters as an additive. Among the esters tested, those having the ester group in the
middle of the molecule showed better lubrication properties [2]. Blending bioethanol with diesel
fuel is an alternative to improve the lubricity of diesel fuels but the presence of ethanol causes the
loss of lubricity because of the volatility of ethanol. Lapuerta et al. reported better lubricity until
the ethanol concentration is 100%. Additionally, increased temperature for lower concentration of
ethanol still showed a better lubricity as ethanol evaporated from the lubricating layer at increased
temperature [9]. The addition of fatty acids or fatty acid esters have also showed improved lubricity
[10]. Many studies agree that adding 1% to 2% biodiesel improves the fuel lubricity [10, 11].
Kulkarni et al. reported that ethyl esters have better lubricity over methyl esters [12].
In this work we have investigated the baseline lubricity of an FT IPK, an R-8 HRJ, and two
different JP-8 samples. The difference between JP-8 samples are that A is taken freshly from the
drum and B has been in a HDPE bottle for two years. All tests were performed following ASTM
D 6079 standard, using a tribometer described below [13]. The wear scars diameters were recorded
using an optical microscope. The average wear scar diameters for all four grades of heavy fuel
were measured for each test performed. The wear scar diameters came out much larger than the
accepted industry adapted standard 460 μm (European EN 590:2009 and US ASTM D 975
regulations) for field performances [14]. Lubricity additives can be added to JP-8 in order to protect
aircraft engines from excessive wear, corrosions, and sudden seizure. Further studies are needed
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to better understand the role of different additives in order to enhance the lubricity and meet the
industry accepted standard.
A.2 CETR UMT-3 (Center for Tribology, Inc. Universal Materials Tester – 3)
The Universal Materials Tester (UMT) is a tribometer, a popular tribological testing system
for testing lubricity. It can also be used testing ferrous, non-ferrous metals, plastic, ceramic, paper,
composite, thin and thick coatings, oils, greases, solid lubricants, and lubricating fluids. UMT-3
can be used for various tribological testing modes such as; Pin-on-Disc, Ball-on-Disc, Ball-onone-two-or-three-balls, Pin-on-V-block, Block-on-Ring, Disc-on-Disc, Screw-in-nut etc. The
UMT can be used for upper and lower samples of practically any shape. The upper specimen is
connected to a vertical linear motion system, which can travel up to 150 mm. Wear measurements
with a precision limit of 50 nm can be performed on this instrument. The lower specimen can be
rotated with a precision spindle in the range 0.001 rpm to 5000 rpm. Force and load measurements
are recorded by ultra-high strain gauges sensors in two to six axes. These forces are measured
precisely in the ranges from mg to kg.
A normal load sensor is used to provide feedback to the vertical motion controller which
actively adjusts the sample position to maintain a constant load during the testing. The UMT data
acquisition and motor control are achieved by a fully automated PC. The test data are displayed,
recorded and calculated in real time. The test data can also be stored for future retrieval [15].
A.3 Experimental procedure
A high frequency reciprocating rig of CETR UMT-3 by Bruker Instruments, was used to
perform all lubricity tests. The tests were carried out following ASTM D 6079 standard, though
European EN ISO 12156-1 standard is also a popular method to perform such tests. The European
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standard establishes 60 oC as the fuel temperature whereas ASTM standard also accepts testing at
25 oC. The temperature of the engine metallic surface is ideally close to 60 oC, the ASTM method
permits one to separate the effect of loss of fuel due to evaporation. ASTM standard is preferred
when there is a high risk of loss of fuel because of its volatility or degradation. The flash point of
military aviation fuel at 41 oC motivated us to follow ASTM standard so that we can compare the
wear scar at both temperatures [14, 16].
All the components of the HFRR were subjected to acetone cleaning for 10 minutes prior
to each test. The dust particles or an uncleansed specimen can significantly affect the wear scars.
A 2 mL JP-8 fuel sample was placed in the test reservoir and temperature was set to 60 oC. Figure
A.1 below shows the schematic of the HFRR system (instrumentation is not included).

Figure A.1: Schematic of HFRR (taken from ASTM D 6079 manual) [15] (see Appendix B for
copyright permission).
It takes about 15 minutes to reach the desired test temperature. A steel ball was placed in
the vibrator arm which was loaded with 200 g mass. Using the control panel on the software, the
steel ball and the steel disk (both 52100 alloy steel), which were completely submerged in the
testing fuel, were brought into contact with each other. The stroke length of the HFRR was set at
1 mm at a frequency of 50 Hz.
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Table A.1: Test conditions (chart taken from ASTM D 6079 manual) [14] (see Appendix B for
copyright permission)

The other test conditions for the test were set as per mentioned in table A.1 (taken from
ASTM D 6079 manual). The experiment was carried for 75 minutes. The reciprocating motion of
the steel ball onto the steel disk resulted into wear scars on both, the carriage ball on the vibrating
arm and the specimen plate in the fuel reservoir. After 75 minutes, the test ball and the test disk
were removed and cleaned again in acetone for 10 minutes each in ultrasonic bath. After the
cleaning procedure the ball and the disk were dried out using a tissue with soft hands carefully,
not to make any impact on the wear scars. The wear scars on the ball and the disk were recorded
in an Olympus SZ H10 optical microscope at 7x magnification. A spherical reference pattern and
a ruler reference pattern were also recorded at 7x magnification for the precise measurements of
the wear scar diameters x and y. The average of both x and y was taken as wear scar diameter
(WSD). One out of the five experiments carried was done at 25 oC to compare the loss of fuel, and
the scar severity at higher temperature because of evaporation [14].
A.4 Results and discussion
Four different types of aviation fuels were analyzed in CETR UMT-3. All these fuels were
tested following ASTM D 6079 standard. The tests were performed for 75 minutes at 60 oC. Out
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of two JP-8 aviation fuel samples, sample B was tested at two different temperatures, 25 oC and
60 oC respectively. Testing at room temperature and at 60 oC, gives a comparison to estimate the
loss of fuel at ideal engine temperature. Reference pattern for the measurement of wear scar
diameters, was recorded under the same microscope and at same magnification. The reference
patterns are small spheres of which diameters ranging from 10 μm to 200 μm.

Figure A.2: shows the wear scar, major and minor diameters of JP-8 (left), reference pattern
(right).

Figure A.2, above shows the wear scar diameters at the major and minor axes. In the
reference pattern the smallest sphere is 10 μm in diameter and the largest is 200 μm. Both images
were recorded, at 7x magnification of the optical microscope. The mean wear scar diameters of the
carriage ball of sample B JP-8 at 25 oC came out as 156 μm. The MWSD at 25 oC is much lower
than the industry standard i.e. 460 μm. The MWSD from the carriage balls for IPK, R-8 HRJ, and
two samples of JP-8 fuels at 60 oC are shown below in figure A.3. All the images were recorded
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Figure A.3: MWSD of IPK, R-8 HRJ, and two samples of JP-8.
under the optical microscope in 7x magnification. The mean wear scar diameters for all types of
fuels tested are much severe than the one tested at the room temperature. Temperature affected the
wear scars diameters as liquid viscosity of these fuels decreases with the increase in temperature.
All MWSD values are way above than the industry standard.
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Figure A.4: Optical Microscope images of the wear scars of the plates in different test fuels.

Figure A.4 above shows wear scars on the specimen plates in IPK, R-8 HRJ, and two
samples of JP-8. The wear scar from IPK plate seem much worse than all three others. The wear
scar on the carriage ball is also worse among all.
The lubricity is measured from the carriage ball average wear scar diameters, in ASTM D
6079 standard. The lubricity of the tested fuel is summarized below in table A.2.
Table A.2: Lubricity from the MWSD of the tested fuels
Test Fuel Type
Lubricity (in
μm)

IPK
742

R-8 HRJ
700
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JP-8 Sample A
606

JP-8 Sample B
670

Clearly the lubricity for all the fuels measured are way higher than the accepted industry standard
value. The lubricity evaluated for all the tested fuels are in agreement with the data reported [17].
A.5 Conclusion
We report here the lubricity of military aviation fuels IPK, R-8 HRJ and two samples of
JP-8 (NATO: F-34). Lubricity of four different grades of aviation kerosene were investigated. The
tests were also carried out at 25 oC of sample B JP-8 fuel. The wear scar diameters measured for
all four grades are worse than the industry acceptable 460 μm (ASTM D 975). Though JP-8 is
economic, less flammable, with the wear scar data, it is not a satisfactory lubrication as a single
fuel concept. IPK and HRJ cannot be used as standalone lubricants as well. Further study is needed
to find suitable additives and blend of these fuels to improve the lubricity of the military aviation
fuel to meet the industry recommended and military approved standard. It will also be interesting
to run the test for temperature profile and observe the liquid viscosity of these jet fuels with the
change in temperature.
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